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Nanomaterials are defined as materials with one dimension smaller than 100 nm. At 
this size, exotic properties start to emerge, making them interesting for a wide range of 
applications including catalysis, electronics, theranostics, and “smart materials”. 
Particularly engineered metal oxide nanoparticles have found advanced applications in 
medical therapy and catalysis. Because of the small size and required homogeneity of 
these materials, bottom-up synthesis starting from molecular precursors is often the 
preferred way of production. The present work was initiated with the main purpose to 
bring insight in the whole chain in materials design and application – from precursor 
chemistry in the synthesis to physical chemical and biological characteristics of the 
resulting nanomaterials. It is thus an interdisciplinary project, covering the fields of both 
chemistry and biology. The chemical part presents synthesis, self-assembly, and 
chemical characterization of titania nanopowders, hollow titania spheres, and 
nanotitania-nanocellulose hybrid materials. The biological part primarily evaluates 
titania-nanocellulose hybrid materials for drug delivery applications using in vitro 
bacterial cultures and immunological (coagulation-related) responses in human whole 
blood. Not unexpectedly, titania-nanocellulose hybrids generally induced strong 
coagulation via the contact activation system. 
An extensive part of the thesis is dedicated to the solution behavior, stability, and 
transformation of heteroleptic titanium oxo-alkoxides into nanotitania, using a variety of 
characterization techniques. The observations support the MTSAL mechanism for 
formation of metal oxide nanoparticles. No hydrolytic stability, however, from ligand-
modification of titanium (oxo-) alkoxides could be observed. 
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1.1. Background 
Nanomaterials with novel properties are expected to be the basis for next 
generation technologies in the areas of catalysis, electronics, computing, 
energy, and medicine (Chakraborty et al., 2011; Shulaker et al., 2017; Khanal 
et al., 2019; Bhardwaj & Kaushik, 2017). The nature of nanomaterials differs 
from that of their bulk counterparts in ways of, for instance, higher available 
surface area, higher surface energies because of larger surface-to-area ratio, 
crystal facettes, grain boundaries, more noticeable contribution of quantum 
effects due to the small particle size, modification of surface electronic 
structure, and due to crystal defects usually not present in the bulk form 
(Bruce et al., 2010). Nanoparticles are a common form of manufactured 
nanomaterials and usually are represented by pure metals (e.g. Pd, Ag), metal 
oxides (e.g. TiO2, ZnO), or chalcogenides (e.g. CdSe, MoSe2). The industrial 
production of nanoparticles typically relies on top-down processes where 
smaller particles are produced from bigger particles. This allows for 
production of large quantities but homogeneity in both size and shape tend 
to be low. Better control over both size and shape is often achieved by 
bottom-up processes, where the starting materials are molecular precursors. 
However, a drawback of the latter one is smaller production volumes. 
Popular bottom-up syntheses includes the sol-gel process and the 
solvothermal process. Other, more complicated processes, are the 
metalorganic chemical vapor deposition (MOCVD, which utilizes pyrolysis 
of gaseous metalorganics of high purity to form thin crystalline films) and 
atomic layer deposition (ALD, which uses sequential deposition of different 
gaseous precursors to form complex layered materials). Decomposition of 
1. Introduction 
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metal-organics can yield both simple and complex oxides (Rao & Kanishka, 
2015). Good control over the syntheses is prerequisite to obtain homogenous 
materials. The prepared nanoparticles can be employed in a variety of 
applications including: nanoabsorbents (Polido et al., 2015; Gao et al., 2004), 
immobilization of enzymes (Pogorilyi et al., 2017; Miller et al., 2019), self-
assembled structures (Deng et al., 2017; Andala et al., 2012; Boles et al., 
2016), fillers, drug delivery, catalysis, and organic-inorganic hybrids (Rozes 
& Sanchez, 2011; Cargnello et al., 2014). Among nanoparticles based on 
transition metal oxides, the titanium dioxide (titania/TiO2) nanoparticles are, 
undoubtedly, the most well studied material (Cargnello et al., 2014). The 
interest primarily stems from its photocatalytic properties (e.g. H2 production 
from water and formation of ROS) and (until recently) considered biological 
inertness for applications in medicine, cosmetics, and food. Despite intense 
research on nanomaterials, many safety aspects still are not clear and 
concerns regarding environmental and health issues from novel 
nanomaterials have emerged (Boyes et al., 2017). Nevertheless, 
nanomaterials are expected to bring new powerful diagnostic and therapeutic 
possibilities, including combined diagnostics and treatments, popularly 
called “theranostics” (Bhardwaj & Kaushik, 2017; Kelkar & Reineke, 2011). 
The intention with this thesis is to contribute to the development of 
molecular1 nanotechnology based on titanium dioxide with particular 
emphasis on medical applications and photocatalysis. 
 
1.1. Titanium dioxide 
Oxide minerals are the major constituents of the Earth’s crust; silicon-, 
aluminum-, and iron oxides being their most abundant representatives. A less 
abundant fraction consists of titanium oxides, such as anatase, rutile, and 
brookite (different forms [polymorphs] of titania, TiO2), ilmenite (TiFeO3) 
and ulvospinel (Fe2TiO4) (Greenwood & Earnshaw, 1997). The main 
industrial application of titania is as white pigment in paints, but it also finds 
use in self-cleaning windows and photocatalysts (Cargnello et al., 2014; 
Nakata & Fujishima, 2012). Most commercially important today are two 
crystal phases of titania; rutile and anatase, Figure 1. Rutile is the 
thermodynamically stable phase in bulk form while anatase is the 
                                                     
1Molecular nanotechnology refers in this text to nanomaterials produced from 
molecular precursors. Different definitions for this term exist, see e.g. Boström 
(2016). 
 thermodynamically stable phase below ~14 nm, due to reversal of surface 
energies at this size (Gribb & Banfield, 1997). Rutile, with two shared edges, 
as compared to anatase with four shared edges, is more stable according to 
Pauling’s third rule (Essington, 2015). The crystallization of amorphous 
titania to anatase is strongly dependent on the conditions (acidic, basic, 
contaminants, wet, or dry, etc.), but can occur at relatively low temperatures 
starting from 250oC-300oC (Yanagisawa & Ovenstone, 1999) and anatase 
crystallites were reported to form at room temperature (Seisenbaeva et al., 
2013). Enzymatic and peptide-assisted synthesis of amorphous and 
nanocrystalline titania have been reported (Katagiri et al., 2009; Tong et al., 
2014), although this is likely not a true enzymatic reaction but rather an 
interaction between precursors and the peptide chains. At temperatures about 
500oC anatase undergoes irreversible phase-transition forming rutile 
(Cargnello et al., 2014), although the transition temperature can be increased 
if dopants are added (cf. section 1.1.1.2.). As phase-transformation from 
anatase to rutile is initiated from the surface (Zhang & Banfield, 2005), also 
surface morphology, e.g. ligand functionalization, has been demonstrated to 
have an impact on phase-transitions (Machon et al., 2010; Machon et al., 
2011). 
In the early 1970’s Honda and Fujishima discovered the ability of titania 
to photocatalytically decompose water (Honda & Fujishima, 1972). This 
spurred intensive research in applications of titania nanoparticles for 
photocatalytic decomposition of organic pollutants and for hydrogen gas 
production (Nakata & Fujishima, 2012). 
 
 
 
 
 
 
 
Figure 1. Structure fragments of (a) anatase and (b) rutile, two different 
crystal phases of titania. Green is titanium and red is oxygen. 
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Unfortunately, in terms of efficiency, the band gaps of titania (~3.0 eV 
and ~3.2 eV for rutile and anatase, respectively) are wide and require 
electromagnetic radiation (EM) in the ultraviolet (UV) range for promoting 
an electron to the conduction band (Cargnello et al., 2014). Anatase is 
considered as a more efficient photocatalyst compared to rutile despite its 
wider bandgap. This has been explained by slower recombination rates of 
electron−holes and higher density of localized states in anatase (Youkun et 
al., 2011; Maity et al., 2018). Catalytic reactions on nanoparticles occur at 
the particle surface and, evidently, surface properties, such as 
crystallographic faces, oxygen vacancies, metal-oxide interfaces, and 
dopants are critical. The (0 0 1) face of anatase titanium dioxide has high 
surface energy (because of coordinatively unsaturated titanium atoms) and is 
the catalytically most active face but also tends to be reduced in area because 
of this (Cargnello et al., 2014). Yang et al., (2008) produced anatase titania 
with close to 50 area% of the (0 0 1) face via solvothermal synthesis using 
acidified aqueous TiF4 solution. When titanium atoms in (0 0 1) plane were 
terminated with fluorine, their surface energy became lower than the 
otherwise more stable (1 0 1) face. The same strategy was employed by Fang 
and co-workers (2017) to synthesize titania with high percentage of Ti3+ ions 
and (1 0 1)−(0 0 1) junctions which were favorable for photoreduction. It 
showed increased photoreduction of CO2, with product selectivity towards 
CH4, compared to unmodified titania. Ignatchenko and co-workers (2006) 
investigated surface adsorption of water to titania (anatase) surfaces. They 
found a molecular adsorption on the (1 0 1) face, while a dissociative 
adsorption on the (1 0 0) face. In another study Bikondoa and co-workers 
(2006) found a dissociative adsorption of water on the rutile (1 1 0) face. 
Hydroxide groups on the titania surface were found to stabilize adsorbed 
water via hydrogen bonding. 
 
1.1.1. Increasing the catalytic activity of titania 
The constraint of UV-radiation to photoexcite electrons in titania has 
resulted in several strategies to utilize radiation in the visible range. This 
includes the use of sensitizers and dopants, as discussed in the sections 
below. 
 
 
 1.1.1.1. Sensitizers 
Organic sensitizers (visible light absorbing molecules) have been 
attached to the titania surface via functional groups (Figure 2.), including 
carboxylates, phosphates and phosphonates (Miller et al., 2019; Willkomm 
et al., 2016). The photoexcited electron from the sensitizers valence band 
(VB) is then transferred to the conduction band (CB) of titania where it is 
available for a reduction reaction (which requires the CB of the sensitizer to 
possess lower energy than for TiO2). This methodology has been applied 
together with immobilized reductases, i.e. formate dehydrogenase and 
carbon monoxide dehydrogenase I, to assist reduction of carbonates into 
formate and carbon monoxide, respectively (Miller et al., 2019; Woolerton 
et al., 2010). This does, however, require the addition of an electron donor to 
reduce the oxidized sensitizer. Lin and co-workers (2014) coated titania 
nanotubes used as photoanode in a dye-sensitized solar cell (DSSC) with a 
wide band gap semiconductor (Y2O3). Electrons could tunnel through the 
yttria layer but were prevented from flowing back and recombine with the 
hole in the sensitizer, considerably increasing the efficiency. 
 
 
 
 
 
 
 
 
Figure 2. Simplified illustration of an organic sensitizer attached to a TiO2 
NP. An electron is excited by absorption of visible light and is transferred 
from the valence band (VB) from the sensitizer to the conduction band (CB) 
of titania. An electron donor (D) is oxidized to reduce the sensitizer. The 
electron in the TiO2 CB can then be used for reduction by transfer to a band 
of more positive reduction potential. 
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Analogously, Nattestad et al., (2010) developed a DSSC with a 
perylenemonoimid group as light harvester coupled to a triphenylamine 
donor connected via oligothiophene linker. The longer linker, the lower 
recombination rate. The authors explained this by improved electron−hole 
separation. Recent work by Peng and co-workers (Peng et al., 2018) revealed 
that functionalizing TiO2 NPs with acetylene derivatives (M-O-C≡C-) 
drastically increased charge-transfer between the sensitizer and TiO2 due to 
formation of interfacial states because of delocalization from π-bonds in the 
ligand. 
Inorganic compounds may serve as sensitizers as well (Cao et al., 2011). 
A compound with a narrow band gap (e.g. Bi2O3, CdS) is then used. Excited 
electrons from the inorganic sensitizers are transferred into the CB of titania.  
The electron transfer between two semiconductor crystals is called 
heterojunction charge transfer. The reaction is driven by a potential 
difference over the interface (Cao et al., 2011). A benefit of this system is 
that the heterojunction retards electron-hole recombination, allowing the 
electron to “escape”. The advantage of inorganic sensitizers can be lower 
cost and less leakage but they can suffer from photo-corrosion (Willkomm 
et al., 2016). However, similar crystallinity, close contact, and properly 
placed conduction bands are required for electron transfer between two 
semiconductors. The inorganic dopants can be attached by different 
approaches, for example, Robel et al., (2006) used organic linkers to connect 
CdSe to TiO2 nanoparticles. The CdSe particles efficiently transferred 
photoexcited electrons to the titania. Nguyen and co-workers (2019) 
deposited CdS nanoparticles on titania nanofibers. The CdS efficiently 
transferred photoexcited electrons to titania, significantly increasing water-
splitting compared to unmodified titania. 
 
1.1.1.2. Doping of titania 
Titanium or oxygen ions can be substituted in the titania lattice by other 
elements, which is called doping. These elements can be either anions, e.g. 
N or F (Asahi et al., 2001; Chen et al., 2016; Dwyer et al., 2019), or cations, 
e.g. d-block and f-block (Colmenares et al., 2006; Weber et al., 2012). This 
have several beneficial effects on the catalytic properties; first, the band gap 
can be decreased, and result in a red shift in EM absorption (Stengl et al., 
2011) which is explained by introduction of intermediate energy levels 
between the VB and CB of titania (Weber et al., 2012). Second, disruption 
in the lattice structure by inclusion of heteroelements aggravates the 
 coalescence of primary nanocrystals and therefore gives smaller particles 
which results in larger active surface area. However, formation of dopant 
oxide phases (particularly at higher concentrations) on pure titania 
nanoparticles can also prevent coalescence (Yurtsever & Ciftcioglu, 2017). 
These oxide phases may in smaller amounts act as inorganic sensitizers 
(Weber et al., 2012). The substituting element should have an ionic radius 
similar to the element it replaces, i.e. titanium or oxygen. 
Third, the structural reorganization of the anatase phase to the rutile phase 
is hindered by dopants, which then will require higher temperatures for 
phase-transition (Burns et al., 2004). This allows for higher annealing 
temperatures that gives better crystallinity. Higher crystallinity facilitates the 
electron transfer through the crystal, which is of particular interest in 
photocatalysis. Intriguingly, small amounts of dopants can alter the 
electronic structure at the catalyst surface affecting adsorption of reagents 
and stabilization of reaction intermediates (Abbasi et al., 2017). Likewise 
different faces have different electronic structures which explains varying 
reactivity and selectivity. Oxygen vacancies can be introduced via doping 
with cations to balance charges (Schottky-Wagner type defect). The oxygen 
vacancies may either promote or decrease catalytic activity of the material 
and can act as a recombination center. The vacancy sites have been identified 
as active sites for carbon dioxide reductions in, for example, In2O3 (Wang et 
al., 2020) and for dissociative water adsorption on some TiO2 faces 
(Bikondoa et al., 2006). 
 
1.2.2. Solution chemistry of titanium coordination complexes 
Titanium has a rich coordination chemistry in solution, particularly for 
anhydrous organic solvents, but recently even progress in aqueous titanium 
coordination compounds has been reported, particularly from the groups of 
Nyman (2017 & 2019) and Wang (2016 & 2018). Common commercially 
available titanium(IV) compounds include titanium(IV) ethoxide and 
titanium(IV) isopropoxide, titanium(IV) tetrachloride, and titanium 
ammonium oxo-lactato-titanate (TiBALDH). In solution, titanium alkoxides 
(with ethoxide, isopropoxide, n-propoxide etc. side chains) tend to form 
oligomers to achieve octahedral coordination of the titanium centers. 
However, alkoxides with bulkier sidechains, such as tert-butyls, tend to 
remain monomeric in solution (for steric reasons). 
In particular titanium(IV) ethoxide and titanium(IV) isopropoxide have 
been used as precursors to synthesize an enormous diversity of titanium 
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coordination compounds (Kessler, 2003; Schubert, 2005; Rozes & Sanchez, 
2011). The titanium ions in these complexes tend to be octahedrally 
coordinated and have especially good affinity for oxygen ligands, where 
carboxylates, phosphonates, phenolates, and β-diketonates are common 
(Czakler et al., 2015; Chen et al., 2013; Davidson et al., 2006; Kessler et al., 
2006). 
The formation of a complex is an equilibrium reaction where the 
thermodynamically most stable species form. At occasions, several stable 
compounds may form in the same time, including metastable (kinetically 
stable) compounds, but not the most thermodynamically stable. Thus, 
introducing a new ligand to a system can shift the equilibrium to favor a new 
product via ligand exchange (Lawrence, 2010). The concurrent hydrolysis of 
titanium alkoxides during reaction with ligands tends to form a limited set of 
ordered titanium-oxo cores, e.g. Ti3O, Ti7O4, Ti8O6, Ti11O13, and Ti16O16 
(Rozes & Sanchez, 2011). The basic structure that forms is the Ti3O fragment 
that is common, for example, in titanium alkoxy phosphonates. 
Importantly, no hydroxo (−OH−) groups are revealed, as they are 
extremely reactive and, most importantly, unstable thermodynamically 
because of the strong polarizing effect of Ti(IV) cations. 
The kinetic chemical reactivity increases for oxo-alkoxides compared to 
metal alkoxides (Turova, 2002). Bridging alkoxides were reported to have a 
higher reactivity compared to terminal ones, due to higher basicity that 
facilitates attacks from protic solvents/ligands (Beichel et al., 2004). Several 
stable aqueous titanium species exist, including mononuclear titanium 
carboxylates, TiL3 (where L can be citrate, oxalate and lactate) and the 
oligonuclear titanium ammonium oxo-lactato-titanate 
[Ti4O4(OCOCHOCH3)8]8- and oxo-oxalato titanate. Mixed peroxo-
carboxylate complexes are formed when the peroxo-ligand coordinate via 
both oxygen atoms, resulting in 7-coordinated titanium centers, compared to 
the otherwise usually 6-coordinated titanium (Kessler, 2013). An amount of 
complexes containing the cyclopentadienyl (Cp) ligand. TiCp2Cl2 may be the 
most common precursor compound of this class. It has been used as 
precursor for bimetallic (Ca, Mn, Sr) complexes with ligand exchange of a 
Cp ligand for 2-methoxymethanol (Sobota, et al., 2009). 
 
 1.2.3. Heteroleptic titanium oxo-alkoxide complexes as models 
for surface interactions and precursors for metal oxide 
nanoparticles 
The formation of titania nanoparticles from titanium(IV) alkoxides 
proceeds via titanium oxo-alkoxide intermediates (Turova et al., 1994; 
Kessler et al., 2006; Cheng, et al., 2017). The oxo-alkoxide intermediates 
grow further to form nanoparticles. At a certain size the species will become 
unstable in solution and will form a separate phase (precipitate). Before 
phase-separation occurs, an equilibrium between molecular precursors, 
intermediates and nanoparticles exists (Seisenbaeva et al., 2013). As the oxo-
alkoxide complexes are intermediates (and their structure can be solved by 
X-ray diffraction of crystallized complexes), they are useful models for 
interactions between ligands bonded to titania nanoparticle surfaces. 
Modification with ligands or polymers is also used to control porosity and 
structure of titania from hydrolyzed precursors (Zhang et al., 2012). 
 
1.2.4. Bimetallic oxides of titanium 
Titania (in its different polymorphs) is not the only important oxide of 
this element – titanium may be combined with many other metals to form 
technologically important bimetallic oxides. Examples include, but are not 
limited to, the spinel (TiM2O4, MII), perovskite (TiMO3, MII), and pyrochlore 
(Ti2M2O7, MIII) phases. They have, for instance, piezoelectric, 
superconductivity, magnetic, ion conducting, catalytic activities, and 
potential application in nuclear waste storage (Farmer et al., 2014; Bramwell 
& Gingras, 2001; Maeda, 2014; Yang et al., 2016). It is rather common to 
synthesize mixed oxides via fine mixing of the individual oxides (or 
carbonates) and subsequently anneal them (solid-state reaction). This can, 
however, result in phase impurities. Instead hydrolysis or thermolysis of 
single-source precursors may be used to obtain a purer product (Eslava et al., 
2010; Lu et al., 2020). Parola and co-workers (1997) synthesized a number 
of bimetallic titanium-bismuth complexes. Hydrolysis of these yielded 
bimetallic oxides which phases were dependent on the annealing 
temperature. However, to synthesize a desired complex with the proper 
stoichiometry can at times be very challenging (Lu et al., 2020) and 
depending on factors such as ionic radius and charge, a bimetallic complex 
may decompose into an oxide phase of another stoichiometry than desired, 
despite existent M-O-M’ bonds in the complex (Kessler, 2009). 
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1.2.5. Synthesis of titania nanoparticles 
A plethora of methods for synthesizing titania nanoparticles exists 
(Cargnello et al., 2014). Two of the most common, and relevant for the 
present work, are the solution-gelation (sol-gel) process and 
solvo/hydrothermal process. These methods start from molecular precursors 
(e.g. metal alkoxides, chlorides, or carboxylates), with or without additives, 
form which nanoparticles form via simultaneous hydrolysis-condensation 
reactions with metal-oxo species as intermediates. 
 
1.2.5.1 The sol-gel process 
The sol-gel process (Figure 3) starts from a molecular precursor solution 
that evolves to form colloidal particles (sol) through simultaneous 
hydrolysis-condensation reactions (Kessler, 2009). The particles will 
eventually aggregate and form a network in the solution (gel). Evaporating 
the solvent will leave an amorphous product powder. When dried, it is called 
a xerogel. 
 If a supercritical drying of the gel is applied, an aerogel is obtained. The 
aerogels are among the lightest materials known to exist. The sol can also be 
dispersed onto a substrate to obtain thin films or coatings. It is possible to 
obtain extremely high surface areas of the dried gels, but these typically 
shrink if a heat-treatment is applied (Loryuenyong et al., 2012; Zhang et al., 
2012). The crystallinity of sol-gel derived metal oxides is generally poor and 
a heat-treatment is commonly needed to obtain good crystallinity. Additives 
(e.g. organic ligands) can control shape, size, and porosity of the obtained 
powder (Cargnello et al., 2014; Ding et al., 2011; Goutailler et al., 2003; 
Rahal, 2008). In one of the studies it was revealed that addition of 
hydrochloric acid favors rutile while nitric acid favors anatase (Andersson et 
al., 2002). 
  
Figure 3. Overview of the sol-gel process. Starting from a colloidal precursor 
solution (a), a gel eventually evolves (b). Drying of the gel results in a 
porous, amorphous powder (c). During annealing crystallinity improves but 
porosity decreases and particle size typically increases (d). 
 
Much of the fundamental studies of sol-gel chemistry were elucidated 
from studies on silicon alkoxides (e.g. see Hench & West, 1990) and then 
directly transferred to metal alkoxides (e.g. see Livage et al., 1989). Silicon, 
however, is a semimetal while titanium is a transition metal implying 
differences in reactivity. The growth mechanism of silicon alkoxides is 
hydrolysis of Si-OR groups in silicon alkoxides to Si-OH groups that 
subsequently condense to Si-O-Si (+H2O). The same mechanism was 
proposed for the growth of titania from Ti(OR)4 and TiX4 (where X is a 
halogen). For convenience, titanium alkoxides are often written as Ti(OR)4, 
while they tend to be oligomeric in solution, e.g. (Ti(OEt)4)n, except those 
with bulky side-chains, such as tert-butyl ligands. 
Modification of titanium(IV) alkoxides with chelating (e.g. carboxylates 
and β-diketonates) was supposed to kinetically decrease the reactivity of 
titanium alkoxides, and even prevent hydrolysis (Rozes & Sanchez, 2011; 
Lomoschitz et al., 2010; Chatry et al., 1994; Hubert-Pfalzgraf, 1992; Mahata 
et al., 2015). Detailed experimental studies of reactivity in metal precursors, 
including those of Ti(IV) by Kessler and co-workers (2006) have 
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demonstrated that modification (e.g. chelation) does not decrease reactivity 
of titanium alkoxides. On the contrary, it increases kinetic reactivity and does 
not protect against hydrolysis. The chelating ligands can, however, stabilize 
the formed particles in solution and prevent precipitation. This creates an 
impression of delayed gelation that gave rise to the misconception about 
retarded reactivity. 
Kessler (2009) proposed a different growth model; the formation of 
titania (metal oxides in general) nanoparticles goes via formation of 
oligonuclear oxo-species in one simultaneous hydrolysis-condensation step, 
i.e. a hierarchical growth. This results in so-called micelles templated by self-
assembly of ligands (“MTSAL”), Figure 4, consisting of highly ordered 
metal-oxygen cores with the particle surface stabilized by organic ligands 
(Kessler et al., 2006). The size of the MTSALs themselves are dictated by, 
for instance, solution stability and the activation energy needed to 
incorporate additional metal ions as they grow (Kessler, 2009). This model 
is supported by observations by Kanaev and co-workers (2017) who studied 
the hydrolysis of titanium(IV) isopropoxide in different solvents. It was 
found that nanosized “clusters” formed rather instantaneously after mixture 
of the precursor and solvent-water mixture. 
Further, the growth appeared to be solvent-dependent. Similarly, Nyman 
and co-workers (2019) studied the dissolution of TiOSO4 in water by small-
angle X-ray scattering (SAXS) and extended X-ray absorption fine structure 
(EXAFS). They observed an immediate formation of Ti8 complexes upon 
dissolution that evolved into bigger complexes over time and eventually 
precipitated as larger particles. 
Synthesizing mixed-metal alkoxides is an attractive way of producing 
mixed-metal oxides. These species can be crystallized, separated and 
hydrolyzed/thermolyzed to obtain complex oxides. Formation of M’-O-M 
bonds may follow from oxo-alkoxide to the oxide phase on condition of 
thermodynamic stability of the latter (Turova et al., 1994). Obviously, the 
crystallized solid-state species may not be representative in solution and 
careful characterization is required (cf. paper III and paper IV). 
 
  
Figure 4. MTSAL formation. Titanium(IV) alkoxide monomers (a) 
hydrolyze and condense into oligonuclear species (b). These oligonuclear 
species then grow, becoming MTSALs, stabilized in solution by surface 
bound ligands (c). 
1.2.5.2. The solvo/hydrothermal process 
The solvo- or hydrothermal process (using organic or aqueous solvents, 
respectively) is performed at elevated temperature and pressure, often 
resulting in better crystallinity compared to the sol-gel process. Anatase and 
rutile NPs of good crystallinity were obtained at 120oC by hydrothermal 
treatment (Andersson et al., 2002). Sometimes an annealing step is anyhow 
necessary to further improve crystallinity. The RM is placed in a Teflon 
container which in turn is sealed in an ”autoclave” (sometimes called “steel 
bomb”), see Figure 5, and heated. The morphology of the powder can be 
controlled by adding organic polymers (Zhang et al., 2012). These methods 
are also useful to crystallize certain compounds. 
 
 
 
 
 
Figure 5. A steel autoclave with a Teflon container for hydro/solvothermal 
synthesis. 
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1.3. Self-assembly 
Self-assembly is the spontaneous process where small building blocks 
(e.g. molecules or nanoparticles) spontaneously organize themselves into 
larger, more complex structures, commonly interacting via van der Waals 
and/or hydrogen bonding, without any external forces directing the process 
(Boles, 2016). These building blocks are usually anisotropic and high 
homogeneity in size and shape is required (Glotzer et al., 2004). Spherical 
nanoparticles can be made anisotropic by uneven surface functionalization, 
e.g. via partial masking or from the interface between two immiscible 
solvents. Self-assembly is an attractive method for production of complex 
structures in advanced materials. 
 
1.4. Nanotechnology 
Nanotechnology deals with the production and modification of nano-
sized (1 nm = 10-9 m) materials. By convention, a nanomaterial has at least 
one dimension that is smaller than 100 nm. Examples of nanotechnology in 
everyday-life includes titania nanoparticles as UV-dispersers in sun screens, 
quantum dots in the displays in QLED TVs, silver nanoparticles in 
“antibacterial fabrics”, and nanoparticles as contrast in magnetic resonance 
imaging (MRI). Nanotechnology is also present in agriculture, with 
applications in, for instance, more efficient fertilizing and pest control 
(Prasad et al., 2017). Intriguingly, Nature itself is the master of 
nanomaterials, having evolved ingenious functional nanostructures that 
includes the waxy nanopatterns on Lotus plant leafs that results in 
ultrahydrophobicity, the patterning on crustaceans which inhibits algae 
growth, and the intricate patterning of butterfly wings which are responsible 
for their beautiful colors, to mention a few examples. 
More than a few interesting applications have been developed within the 
area of bionanotechnology. Bacteria was encapsulated using a titania sol and 
release them with good viability by applying organic, chelating ligands to 
dissolve the shell (Kessler et al., 2008). The latter work was extended to 
human immune cells which could be encapsulated with titania NPs and still 
retain high viability and biological function (Youn et al., 2017). Ink-jet 
printed, paper-based, biosensors containing enzymes or aptamers with 
potential use in diagnostics have been developed by Brennan’s group (Wang 
et al. 2014; Hui et al., 2017). Functionalization of nanoparticles with 
enzymes has received some attention during the last years (Wu et al., 2011; 
 Woolerton et al., 2010). Benefits of this include greater structural stability 
(e.g. heat-resistance), improved resilience to heavy metal poisoning, higher 
reusability (e.g. magnetic nanoparticles), and “boosting” of activity in some 
reactions by co-attachment of light-harvesting dyes to provide electrons 
(Miller et al., 2019; Woolerton et al., 2010). 
Hybrid materials consist of two different components, often one organic 
and one inorganic, on the nanoscale. By mixing two components with 
different properties, it is possibly to get synergistic effects not present in the 
individual parts (Rozes & Sanchez, 2011; Lionel et al., 2010). 
Carbohydrates, in particular cellulose – the most abundant biopolymer on 
the Earth – are popular components in hybrid materials (Klemm et al., 2005; 
Patel et al., 2019). The nanosized form of cellulose, nanocellulose, is an 
especially attractive component in hybrids (Oun et al., 2019). For instance, 
its hydrophobicity and hydrophilicity can be controlled by chemical 
modification (Shimizu et al., 2014) and by functionalization, inorganic 
nanoparticles can be attached (Galkina et al., 2015). Alginate, another 
carbohydrate, derived from brown algae has also received some attention for 
use in hybrid materials recently (Leroux et al., 2020; Lovatel et al., 2015). 
 
1.4.1. Nanocellulose 
Several types of nanocellulose exists, namely cellulose nanocrystals 
(CNC), cellulose nanofibrils (CNF), and bacterial cellulose (BC) (Abitbol et 
al., 2016). The CNC are rather small, highly crystalline particles of 20-40 nm 
in size. The CNF are fibrous and have a diameter of 10-40 nm while they can 
be over one micrometer long. CNC and CNF are produced from plant 
sources. BC, on the other hand, are produced by certain bacteria, e.g. 
Gluconacetobacter xylinum. Unlike CNC and CNF, BC is obtained as a neat 
product without any wood constituents (Abitbol et al., 2016). Nanocellulose 
has found potential use in a vast number applications ranging from packaging 
material (Herrera et al., 2017) to wound-dressings (Czaja et al., 2006; 
Hakkarainen et al., 2016) and audio-membranes (Galland et al., 2013). 
1.4.2. Nanotitania−nanocellulose hybrid materials for medical 
applications 
Nanomaterials are emerging as promising tools for treatment and 
diagnosis (Bhardwaj & Kaushik, 2017). A thin layer of titania on implants 
have shown to improve regrowth, due to affinity of the phospholipid 
phosphate groups to titania (Le et al., 2014). Schütz and co-workers (2012) 
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studied the synthesis of CNF-TiO2 hybrids and found that properties like 
transparency, hardness, and Young’s modulus was dependent on the 
homogeneity of hybrids. Smaller additions of titania improved both hardness 
and Young’s modulus of the hybrid films but at certain amounts of titania 
they sharply decreased. 
Nanocellulose has proved to be promising in new wound-dressings, 
providing beneficial healing environment, and possibly promoting healing of 
tissues by templating effect (Abitbol et al., 2016). Unfortunately, 
nanocellulose does not have any antibacterial effect so there is a risk of 
infection. Different solutions have been applied, for instance introduction of 
antibiotics to the films (Volova et al., 2018) and addition of silver 
nanoparticles (Diez et al., 2011). Free drugs, however, in nanocellulose may 
lead to dangerous burst-releases and require frequent changes of the dressing. 
It is possible to embed drug carriers, e.g. titania nanoparticles, which surface 
has good affinity for many functional groups. Adsorption of drugs via 
carboxylic, phenolic, phosphonic groups etc. results in a delayed release of 
drugs from the nanocellulose-nanotitania hybrids compared to drugs loaded 
in pure nanocellulose (Galkina et al., 2015; Evdokimova et al., 2018). 
 
1.4.3. Nanomaterials safety 
Concerns regarding the safety of engineered nanomaterials have been 
raised (Nel et al., 2006; Boyes et al., 2017). The possible uptake of 
nanoparticles and their toxicity to organisms are of particular concern 
(Fadeel, 2019; Kranjc & Drobne, 2019). Part of the risk with nanomaterials 
is that they are of the same size range as components in the cellular signaling 
pathways and the “molecular factories” which allows for interference. 
Properties like crystalline phase, size, composition, and surface energies 
have been proposed to be critical factors contributing to the toxicity (Boyes 
et al., 2017). One example is asbestos, a silicate mineral. Asbestos is 
carcinogenic, not because of chemical toxicity but as a result of its fibrous 
structure which causes physical cell damage. Recent studies have 
demonstrated that nanomaterials can enter cells and affect gene expressions 
(Chen et al., 2017; Xun et al., 2017; Gliga et al., 2017). For example, Cooper 
& Spitzer (2015) found that sub-lethal levels of Ag nanoparticles accumulate 
in rat tissues and result in negative effects on neural cell development. 
Crosera and co-workers (2015) investigated uptake of TiO2 NPs on 
epidermal cells and found that the particles did not cross the skin barrier.  
 Cytotoxicity of TiO2 NPs towards HeLa cells was observed, but only at 
very high concentrations. In contact with blood, on the other hand, TiO2 
nanoparticles have been found to induce blood coagulation at very low 
concentrations (Ekstrand-Hammarström, 2015). This effect was exploited by 
applying a spray of colloidal TiO2 NPs on rats with burn wounds. The result 
was an improved wound-healing with decreased fibrosis (scar formation) 
(Seisenbaeva et al., 2017). According to several studies, cytotoxicity of a 
nanomaterial may differ dramatically; it can be apparently harmless for one 
cell type while being highly toxic for another. 
Toxicity may also differ for a compound dependent on its crystalline 
phase. Sayes et al., (2006) investigated cytotoxicity of anatase and rutile 
titania. They found that the overall toxicities for both phases were low, but 
that anatase was about 100 times more toxic compared to rutile. The reason 
for this was believed to be the better production of ROS from anatase. 
 
1.5. Characterization techniques 
A variety of different analytical instruments with different working 
principles have been used to characterize the compounds and materials 
synthesized in this thesis. Basic theory principles for the most important 
instruments are briefly described below, as well as which kind of information 
that can be obtained from them. References to more elaborate theoretical 
descriptions are provided in the end of each section. The reader acquainted 
with chemical analysis may jump ahead to the Materials and Methods 
section. 
 
1.5.0. The physical basis 
Our current understanding of the atomic nucleus is based on the quantum 
mechanical model. It introduces a number of properties not explained by the 
classical mechanics, namely quantization, wave-particle duality, the 
uncertainty principle, and quantum entanglement, where the two former ones 
are fundamental in chemical analysis. The spectrometric methods in 
analytical chemistry are based on the interaction between electromagnetic 
radiation and matter (often the electrons). 
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Electrons populate discrete energy levels around to the atomic core and 
cannot exist between these discrete energy levels, i.e. they are quantized. To 
promote an electron to a higher energy level the exact difference in energy 
must be added to the electron (by electromagnetic radiation, for instance) and 
if an electron transit from a higher energy level to a lower the energy 
difference between the higher and lower level must be emitted. If the 
transition involves electromagnetic radiation in the range of 400 nm to 750 
nm, we will perceive this as colors. The wave-particle duality states that an 
electron can behave both as a particle and as a wave. This it is the basis of 
electron microscopy where the extremely small wavelength of high-energy 
electrons is used to view objects below the nanometer scale. The detected 
signals in spectrometric analyses are forms of electromagnetic radiation. 
Older instruments used to scan wavelength-by-wavelength and overlay 
spectrum, which was time consuming, especially when many scans were 
necessary. Newer instruments (e.g. IR and NMR) scan the entire spectrum 
simultaneously and produce an interferogram, containing a periodic function 
that is the sum of all detected signals. The components, i.e. the individual 
functions, of the interferogram are extracted by a mathematical procedure 
called Fourier Transformation (FT) (Williams & Fleming, 1995; Lennerstad 
& Jogréus, 2013). 
 
1.5.1. X-ray crystallography 
X-rays (λ < 10 nm) passing through a material will interact with the 
material’s electrons (Figure 6). The heavier the element (i.e. more electrons) 
the more interaction between X-rays and the atom. Hence, hydrogen is 
difficult to detect while heavier element such as tungsten diffracts very well. 
If the material’s atoms are ordered regularly, i.e. being crystalline, the X-
rays will be diffracted regularly giving rise to a diffraction pattern (Figure 
6). By combining diffraction intensities, diffraction angles, and distances 
from the detector, the structure of the compound can be mathematically 
modelled by a computer program (with user input), also called “solving the 
structure”. The strongest diffraction occurs when Bragg’s law is satisfied: 
2d sin θ = nλ 
 Here, θ is the scattering angle, d is the interplanar spacing, λ is the 
wavelength, and n is an integer. The X-rays are elastically scattered by lattice 
planes in the crystal (Figure 6). The “α” wave in Figure 6a is deflected by 
the second lattice plan, which means it travels a longer distance than the “β” 
wave does. If the path length difference is an integer (n) of 2d sin θ, the two 
waves will be in phase, resulting in constructive interference, and diffraction 
spots are observed. If the path length difference is not an integer of 2d sin θ, 
the waves will be out of phase and mostly cancel out and no diffraction spots 
will be observed. For crystalline nanopowders the crystallites will be 
randomly oriented and give rise to a ring pattern instead of individual 
diffraction spots, Figure 7. 
 
Figure 6. X-ray diffraction in crystalline and amorphous materials. (a) 
Incident X-rays are being scattered by different lattice planes and the 
outgoing waves will interfere. When the waves are in phase, constructive 
interference occurs and the amplitudes add on as in (b) and diffraction spots 
are observed. (c) In an amorphous sample, the atoms are randomly 
distributed and scattered X-rays will mostly cancel out, thus no diffraction 
pattern is observed. 
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Figure 7. Diffraction patterns from a single crystal and a nanocrystalline 
powder.  (a) For a single crystal, a diffraction pattern with discrete spots is 
obtained due to the regular diffraction. (b) As the nanocrystallites in (b) are 
randomly oriented as ring pattern is obtained. The black arrows indicate 
directions of X-ray photons. 
 
To obtain structural information from amorphous/short range ordered 
materials, synchrotron based X-ray absorption spectrometry (XAS) 
techniques, such as extended X-ray absorption fine structure (EXAFS) are 
useful. The structure of both organic and inorganic compounds, as well as 
more complicated biomolecules such as enzymes, are routinely solved with 
X-ray techniques. It is a corner-stone in structure determination, particularly 
in inorganic chemistry, but also in organic chemistry together with 
13C/1H/31P/15N NMR, mass spectrometry, and IR spectrometry. To obtain 
diffraction data for a compound, single crystals of sufficient quality must be 
grown which can be very challenging. When the crystals are air and/or 
moisture and/or temperature sensitive (or all at once!), cooling to about 
−70oC by liquid nitrogen is very useful. Data collection at low temperatures 
in general improves data quality by reducing thermal movements of atoms 
that otherwise may contribute to disorder in the structural model. 
Powder X-ray diffraction (PXRD) is used to determine crystalline phases 
for inorganic materials (but can also be done by high-resolution TEM and 
Raman spectrometry). As the crystallites are oriented randomly in a sample, 
ring patterns from the summation of individual reflections, rather than 
 discrete diffraction spots as in the case of a single crystal, will be obtained. 
By applying the Scherrer equation, an average crystallite size in the sample 
can be calculated: 
𝑟 =
𝐾𝜆
𝛽 𝑐𝑜𝑠 𝜃
 
Where r is the average crystallite size, K is a shape constant (0.9 for spherical 
particles), λ is the X-ray wavelength (0.71073 Å for MoKα), β is full width 
at half maximum (FWHM), and θ is the Bragg angle. From the peak 
intensities, peak positions, and peak shapes in a powder diffractogram, a vast 
amount of information (e.g. unit cell parameters, porosity, defects) can be 
extracted via Rietveld refinement. It is possible to solve the 3D structure of 
a crystalline powder. This requires the construction of a structural model to 
fit the experimental data against, thus good chemical knowledge of the 
sample in addition to high-quality PXRD data are required for Rietveld 
refinement. Deeper theory about X-ray diffraction and crystallography is 
found in Hammond (2001) and Zou et al., (2011). A nicely written 
introduction about XAS (including EXAFS) is available in the thesis by 
Jalilehvand (2000). 
 
1.5.2. Nuclear magnetic resonance spectrometry 
Nuclear magnetic resonance (NMR) spectrometry is based on the 
interaction of electromagnetic radiation of rather long wavelengths (radio 
waves) with certain atomic nuclei. Atoms with an odd atomic number have 
an intrinsic nuclear magnetic moment and can be considered as a magnet. 
Examples are the 1H, 13C, and 31P nuclei. In the presence of an external 
magnetic field, these nuclei will align either parallel or anti-parallel to the 
external magnetic field (Figure 8). An excess of the nuclei will be aligned 
parallel with the field and smaller number of nuclei are aligned anti-parallel. 
This ratio is described by the Boltzmann distribution, which is a probability 
distribution describing the likelihood of a system being in a particular state, 
depending on the temperature: 
𝑁ℎ
𝑁𝑙
= exp(−
∆𝐸
𝑘𝑇) 
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Where Nl and Nh are numbers of nuclei in low and high energy states, 
respectively, ∆E is the difference in energy between the states, k is the 
Boltzmann constant, and T is the temperature. A radio frequency pulse can 
be absorbed by a nuclei is the RF match the frequency of its precessing 
movement, and then “flip” from low to high energy state (Figure 8). 
 
 
Figure 8. Simplified scheme of the excitation process in NMR. The arrow 
indicate direction of the external magnetic field (B0). (a) A nucleus (grey 
arrows) in the low energy state absorbs a RF pulse and is excited to the high 
energy state, i.e. anti-parallel to B0 (b). (c) The relaxation process induces an 
electric current in the detector coil which is recorded and the RF energy is 
re-emitted during the relaxation (see main text and Figure 9 for more detailed 
explanation). (d) The system has returned to its equilibrium state. In reality, 
the distribution ratio Nh/Nl is in the order of ca. 1 to 105. 
 
The energy required to “flip” a nucleus is dependent on its chemical and 
electronic environment, i.e. its neighboring atoms. A high density of 
electrons around a nucleus will screen it from the applied magnetic field and 
requires higher energies for resonance and vice versa. For instance, an 
oxygen atom bonded to a carbon atom will withdraw electron density from 
the carbon atom due to its higher electronegativity and therefore lower 
energies are required for resonance. When bonded to hydrogen, which has 
similar electronegativity to carbon, more electron density will remain close 
to carbon and higher energies are needed for resonance. Regardless of the 
specific molecule, a nucleus with a certain bonding environment will always 
absorb in a narrow, specified region (Figure 11), thus NMR is one of the 
most powerful tools for structural determination. The NMR spectrum is a 
diagram of the absorption intensity as a function of the applied RF frequency.  
 As the resonant frequency is dependent on the field strength of the 
spectrometer’s magnet, the x-axis is instead calibrated to display the system 
independent part per million (ppm) scale. The actual signal detected in the 
NMR spectrometer is called free induction decay (FID). When the RF pulse 
is applied, alignment of the nuclei is flipped 90o relative to the z direction, 
i.e. to the xy-plane. When it spins in the xy-plane, the magnetic field will 
induce a current in the detection coils which is the detected signal. As the 
nuclei are returning to their equilibrium state (aligned to z-axis), the 
amplitude of the signal decreases (Figure 9). The recorded FID is converted 
via FT to a frequency-domain spectra (Figure 10b). 
 
 
Figure 9. The free induction decay (FID) signal. When excited with a 90o RF 
pulse, the nuclei precess along the yx-plane. This induces a current in the 
detector coil which then is recorded. As it relaxes, the nuclei returns to its 
equilibrium state by a spiral precessing around the z-axis (i.e. the direction 
of the external magnetic field, B0). As the nuclei approaches its equilibrium 
state (aligned to the z-axis), the FID signal becomes weaker. T1, T2, and T3 
indicates in (a) different precessing positions at different times and their 
approximate FID responses in (b). 
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Figure 10. Transformation of the FID signal. The FID signal (in time 
domain) from a 1H NMR experiment is shown to the left and is the sum of 
all detected signals. The individual functions of the FID are extracted by 
Fourier Transformation to display a spectrum in the frequency domain 
(right). 
 
Figure 11. Scheme of the approximate areas of some important carbon NMR 
shifts in ppm.  
 
The same principle applies for 1H NMR, but it covers a lower and more 
narrower frequency region, equal to about 0-10 ppm. However, for the 
proton NMR an additional phenomenon called spin-spin splitting is present.  
Coupling between spins of a proton nuclei located on a nearby atom give 
rise to a total amount of signals equal to N+1, where N is the number of 
neighboring protons. For instance, the molecule Cl−CH3 would have one 
single proton signal (all three H are equivalent). However, the molecule 
Cl−CH2−CH3 have two different kinds of protons and will result in two sets 
of proton signals Due to spin-spin splitting, they will be represented by one 
 triplet (for −CH3) and one quartet (for −CH2−). Thus, this is very helpful in 
structure determination, particularly in combination with 2D NMR methods 
(e.g. COSY and HSQC). The theory behind NMR is intricately complex, 
although good introduction texts include McMurry (2007), Holler et al., 
(2008), and Williams & Fleming (1995). 
 
1.5.3. Scanning electron microscopy 
The size of the objects we can see is limited by the wavelengths of visible 
light, which lies in the range of 400 nm to 750 nm. At best, optical 
microscopy can visualize objects down to about 200 nm. According to the 
particle-wave duality, the electron can be seen as both a wave and a particle. 
When it moves, the electron has a wavelength (de Broglie wavelength) 
determined by its kinetic energy according to: 
𝜆 =
h
√2𝑚0E(1 +
𝐸
2𝑚0𝑐2
)
 
where λ is the wavelength of the electron, E is the electron speed, m0 is the 
electron mass, c is the speed of light, and h is Planck’s constant. The higher 
the speed (i.e. kinetic energy), the smaller the wavelength. It is possible to 
reach wavelengths below 1 Å by replacing visible light with high energy 
electrons, enabling visualization of the smallest nanoscale objects. Scanning 
electron microscopy (SEM) is based on a highly focused, coherent beam of 
electrons being electromagnetically directed toward a sample surface.  
Examples of acceleration voltages can be about 5-15 keV. The electron 
beam is typically emitted by a tungsten filament and accelerated via an 
anode. Electromagnetic coils (condenser lenses) are used to focus the beam 
and apertures sort out electrons with deviating paths. Pairs of deflection coils 
move the electron beam in the x and y directions so that the sample surface 
is scanned in a raster fashion. A simplified scheme of a SEM instrument is 
illustrated in Figure 12. 
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Figure 12. Simplified principle of a SEM instrument. The electron beam is 
emitted from the electron gun and focused to a narrow beam by 
electromagnetic lenses and apertures. The deflection coils moves the beam 
to scan the sample surface and detectors register either, secondary electrons, 
back-scattered electrons and X-rays (for elemental analysis). 
 
Back-scattered electrons (BSE) or secondary electrons (SE) are collected 
by different detectors. The instrument computer convert the detector signals 
into a digital image. The BSE originates from the electron beam and the SE 
are ejected from the sample atoms. SE are emitted from electrons near the 
surface from impact by the electron beam and provides information of the 
surface morphology, providing a pseudo-3D image. BSE originates deeper 
from the sample and can give rough information about differences in 
chemical composition in a sample seen as differences in contrast (but not 
chemical identity, which can be done by couple the SEM (and TEM) to an 
EDS system (cf. section 1.5.5.). The SEMs used for the work in this thesis 
are of the environmental type. While being comparatively small, easy to 
handle, operating at lower vacuum, and do not require nitrogen cooling, they 
do not reach the same magnification and resolution as the conventional SEM 
models. More information about SEM is found in Egerton (2006). 
 
 1.5.4. Transmission electron microscopy 
Transmission electron microscopy (TEM), contrary to SEM, detects 
electrons that pass through the sample, rather than being deflected. This 
obviously requires much thinner samples and higher accelerating voltages, 
typically 100 keV to 300 keV. The detector, a charge-coupled device (CCD) 
detector, is situated under the sample. Even more sets of electromagnetic 
lenses and apertures are required and the electron source is now typically a 
LaB6 single crystal or a field emission gun. Contrary to the raster scan of 
SEM, the whole image is projected simultaneously by using condenser lenses 
above the sample to spread the electron beam. A 2D image of the sample as 
seen in Figure 13 is projected. TEM is indispensable for investigation and 
characterization of small nanoscale objects, such as nanoparticles. 
Resolutions below 1 Å can be achieved. Crystalline samples will diffract the 
electron beam orderly and produce rows of regularly ordered row of “dots” 
which represent atoms (Figure 13). The distance between these rows are 
characteristic for different chemical compounds in different crystal phases 
and thus serves as an identifier. 
TEM is routinely coupled with techniques for chemical identification 
such as EDS (cf. below) or electron energy loss spectrometry (EELS). A 
more recent application of TEM includes electron crystallography where the 
crystal structures of nanoscale particles can be solved. This is achieved by 
collecting diffraction patterns from different angles and then combining 
them. Electron crystallography is a viable option when the crystals are too 
small for single crystal XRD. An outstanding textbook covering nearly all 
aspects of TEM in exquisite detail has been written by William & Carter 
(2009). A good introduction to electron crystallography is available by Zou 
et al., (2011). 
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Figure 13. Simplified principle of a TEM instrument. The electron beam is 
spread by condenser lenses to cover an area of the sample. After passing the 
sample, a series of apertures and condenser lenses are used to form an image 
that is registered by a CCD camera. The inset shows a HRTEM micrograph 
of anatase TiO2. 
 
1.5.5. Energy-dispersive X-ray spectrometry 
If an electron with sufficiently high energy collides with an atom’s core 
electrons, it may cause ejection of a core electron from the atom with 
formation of an electron vacancy. This vacancy is unstable and an electron 
from a higher energy level will de-excite to fill the vacancy. The energy 
difference between the two energy levels will be emitted in form of X-rays 
(Figure 14). The energy of the emitted X-rays are characteristic for each 
element (with a few overlaps, such as Bi and S) and are routinely used for 
elemental analysis. It is possible to analyze a very small area (“spot 
analysis”) and map a “larger” area in both SEM and TEM. The theory of 
EDS is covered in detail by Egerton (2006). 
  
Figure 14. Principle of EDS. In (a) a core-electron is knocked out by the 
impact from a high-energy electron leaving a vacancy (b). An electron from 
a higher energy level will lose energy (equal to the energy difference between 
the two levels E2 and E1) and take the place of the ejected electron to result 
in a new, stable state. This energy is emitted in the form of X-rays, 
characteristic for each element. The grey arrows represent electrons of 
different spin states. 
 
1.5.6. Atomic force microscopy 
Atomic force microscopy (AFM), in contrast to the spectrometric and 
electron microscopy methods, is based on electrostatic or direct physical 
interaction between the sample surface and a probe (Figure 15). The surface 
probe consists of an extremely thin tip on a cantilever, down to a few 
nanometer, that “senses” the surface. Like SEM, AFM performs a raster scan 
over the surface. A pseudo color image where the color hue is dependent on 
the sample height is created by the system. The higher surface structures, the 
lighter the image. AFM is a high-resolution technique and can reach 
magnifications and resolutions good enough to see details down to a few 
nanometers. AFM can be operated in either contact mode or non-contact 
mode. In the contact mode, the tip is dragged over the sample surface while 
the change in height is detected, commonly by deflection of a reflected laser 
beam on the cantilever (Figure 15). The contact mode is suitable for hard 
samples, such as metal (oxide) nanoparticles and metal/mineral surfaces, but 
can cause damage to softer samples such as gels and biological samples. 
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Figure 15. Simplified principle of AFM. A surface probe with an extremely 
thin tip scans the sample surface (either by contact or non-contact mode). 
The movements of the probe changes the reflection of a laser beam. The 
changes of the laser beam is translated into image of the surface. 
 
In the non-contact mode, the cantilever is set to resonate close to its 
resonance frequency, which leads to a constant oscillation amplitude. This 
oscillation is usually achieved by a piezoelectric component. When the tip 
approaches the surface, interactions (van der Waals, electrostatic, etc.) 
causes changes in the oscillation. A feedback system adjusts the height of the 
cantilever based on changes in the oscillation and creates a surface image 
from this. Less surface damage is done by the tapping mode compared to the 
contact mode. A good overview of the AFM technique is given by Haugstad 
(2012). 
 
1.5.7. Infrared spectrometry 
Infrared spectrometry (IR) is an absorption spectrometry technique based 
on the absorption of specific energies of certain chemical bonds in the 
infrared region. Commonly the mid-infrared region is used, 4000–400 cm−1 
(equivalent to wavelengths between 2.5–25 μm). This energy is not sufficient 
to excite electrons but instead causes vibrations that temporarily changes 
 bond lengths and bond angles. Collectively with Raman spectrometry, IR is 
referred to as vibration spectrometry. A dipole moment, permanent or 
temporary, is required. Compounds such as O2 and N2 are thus not IR active. 
The FTIR spectrum provides valuable information about functional 
groups in a molecule. FTIR is commonly used together with mass 
spectrometry and NMR to determine the structure of organic compounds, but 
also to confirm, for instance, structures of coordination compounds and 
organometallic compounds as determined by single crystal X-ray diffraction, 
as in this work. Organic compounds and inorganic powders are typically 
milled in anhydrous KBr and pressed to transparent discs that are analyzed. 
Samples sensitive to hydrolysis, such as metal (oxo-) alkoxide crystals 
can be milled in paraffin oil and placed between to KBr slides to avoid 
decomposition during data collection. Liquid samples are possible to 
analyze. However, when the sample contains water, signals from the analyte 
can be masked due to the broad signals of water. The region between 1500 – 
4000 cm-1 contains very specific absorptions representing organic functional 
groups while the region 400 – 1500 cm-1 (sometimes referred to as 
“fingerprint region”) contains a more complex pattern that can be used for 
compound identification by comparing with a database of known spectra. 
Many bands corresponding to inorganic bonds (e.g. Ti–O, Ti–O–Ti, P–
O) are found in the 400 – 1000 cm-1 region. More in-depth theory about 
infrared spectrometry can be found in Simonsen (2003), Holler et al., (2008), 
and Williams & Fleming (1995). 
 
1.5.8. Raman spectroscopy 
The sample surface is radiated with a laser and a detector records the 
scattered radiation (Figure 16). The technique builds on the interaction 
between the electric field of the laser and the electron density of the sample 
molecule. The more polarizable the sample molecule, the higher the signal 
intensity. In Raman a bond can absorb radiation and be excited from a 
vibrational state to a so-called virtual energy state (an intermediate step in a 
quantum mechanically forbidden transition). Most bonds will return to their 
initial vibrational level and emit the same amount of energy as they absorbed, 
which is called Rayleigh scattering (elastic scattering). However, some of the 
excited bonds will return from the virtual state down to a higher (Stokes) or 
a lower (Anti-Stokes) vibrational level then before, i.e. inelastic scattering 
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(Figure 16), although these are very few compared to the elastically scattered 
ones. 
The scattering is dependent on the structural arrangement (chemical 
bonds and symmetry) of atoms and Raman spectrometry is useful in 
identification of crystalline phases (to separate anatase from rutile, for 
instance). Via Raman microscopy, very small sample areas, such as 
individual particles, can be analyzed. More Raman theory is available in 
Holler et al., (2008) and Nakamoto (1997). 
 
Figure 16. Different types of scattering in Raman spectrometry between 
energy states. Radiation which is elastically scattered is called Rayleigh 
scattering. Inelastic, radiation of lower energy is called Stokes scattering and 
radiation of higher energy is called Anti-Stokes scattering. 
 
 
 
 
 
 
 
 1.6. Objectives of this thesis 
The work within this thesis is highly interdisciplinary, consisting of both 
a chemical part and a biological part. The overall objective was to develop 
new titania-based nanomaterials from molecular precursors for applications 
in photocatalysis and medicine. Paper I and paper II reports two 
coordination complexes between the drug triclosan and titanium. The 
hydrolytic stability of the complex in paper I was thoroughly investigated.  
A drug delivery system based on nanocellulose with titania nanoparticles 
as drug carriers for triclosan was developed in paper II. Paper III and paper 
IV investigates a series of new titanium (oxo-) alkoxide complexes with 
different phosphonate ligands. Ligand-titanium interaction, hydrolytic 
stability, solution stability, and their applicability as molecular precursors for 
surface-modified hybrid oxide materials was investigated. 
With the encouraging results from the nanocellulose-nanotitania drug 
delivery system in paper II, manuscript V was dedicated to investigate the 
haemocompatibility of the CNF-TiO2 materials by in vitro exposure to 
human whole blood. In manuscript VI hollow titania spheres was developed 
by ligand-driven (phosphonate and phosphate) self-assembly as possible 
candidates for encapsulation. Rare-earth element (REE) modified titania 
nanopowders were synthesized by a solvothermal method in manuscript 
VII. The photochemical properties of the powders were investigated. A 
bimetallic titanium-yttrium alkoxide was synthesized, to our knowledge the 
first Ti-REE complex without any oxo-bridges or organic heteroligands. 
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 2. Methods 
2.0. General information 
All synthetic and microbiological work were performed at SLU, Uppsala, 
Department of Molecular Sciences. Detailed synthetic and analytic 
information are available in the respective papers. Anhydrous solvents were 
always used for syntheses with titanium alkoxides if not otherwise stated. 
Analyses and characterization of materials and compounds were made at 
several locations: 
SLU (Uppsala): Single crystal and powder XRD, SEM-EDS, AFM, 
FTIR, TGA, NMR, and part of TEM. Uppsala University, Rudbeck 
Laboratory, Department of Immunology, Genetics and Pathology: Blood 
incubation with nanocellulose-nanotitania films, platelet counting, ELISA 
analyses. Uppsala University, Department of Materials Science and 
Engineering: X-ray photoelectron spectrometry (XPS). Stockholm 
University, Department of Materials and Environmental Chemistry: TEM 
imaging. National Institute for Laser, Plasma & Radiation Physics, 
(Romania): Raman spectrometry, photoluminescence, and photocatalysis. 
For statistics the R program for statistical computing was used (R Core 
Team, 2019). 
2.1. Syntheses of compounds and materials 
2.1.1. Syntheses of modified titanium (oxo-) alkoxide complexes 
A number of heteroleptic titanium (oxo-) alkoxide complexes were 
synthesized throughout this work for studies of ligand interaction, hydrolytic 
stability, and as molecular precursors for complex oxide materials. Their 
syntheses are briefly described here. 
[Ti4(µ3-O)2(µ2OEt)2(C9H16O3)2(C8H12O3)2(C12H6Cl3O2)2·4C3H6O], 1a, 
Triclosan (0.46 mmol, 0.3 eq.) was dissolved in acetone and titanium(IV) 
ethoxide (1.43 mmol) was added. The RM was stored at -18oC.  
[Ti5(µ3-O)2(µ2-OEt)5(µ-OEt)8(C9H16O3)(C12H6Cl3O2)], 1b, Triclosan (0.071 
mmol, 0.3 eq.) was dissolved in acetone and titanium(IV) ethoxide (0.24 
mmol) was added. The RM was stored at -18oC. 
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[Ti6(µ3-O)2(µ-OEt)6(µ2-OEt)6(µ3-PPA)4]•0.5C7H8, 1c, Phenylphosphonic 
acid (1.0 mmol, 2 eq.) was dissolved in a 1 mL 1:4 toluene: ethanol mixture 
and titanium(IV) ethoxide (0.50 mmol) was added. The RM was heated in 
an autoclave at 85oC for 48 h. 
[Ti5(μ3-O)(μ2-O)(µ-HOEt)2(µ-OEt)3(µ2-OEt)(μ3-tBPA)3(μ3-HtBPA)(μ2-
tBPA)2(μ2-HtBPA)]·3EtOH, 1d, Tert-butylphosphonic acid (0.48 mmol, 2 
eq.) was dissolved in 0.3 mL toluene + 4 mL ethanol and titanium(IV) 
ethoxide (0.24 mmol) added. The RM was refluxed for 2 hours and then 
concentrated and stored at -18oC. 
[Ti4(μ4-O)(µ-OEt)5(µ2-OEt)7(μ3-tBPA)], 2d, Tert-butylphosphonic acid 
(0.48 mmol, 2 eq.) was dissolved in 0.3 mL toluene + 4 mL ethanol and 
titanium(IV) ethoxide (0.24 mmol) added. The RM was refluxed 2 hours and 
then concentrated and stored at -18oC. 
[Ti4(µ2-O)2(µ-OEt)2(µ-HOEt)2(μ2-tPBA)2(μ2-HtPBA)6]·4EtOH, 3d, and 
[Ti4(µ2-O)2(µ-OEt)2(µ-HOEt)2(μ2-tPBA)2(μ2-HtPBA)6]·2EtOH, 4d, Tert-
butylphosphonic acid (0.95 mmol) was dissolved in 0.4 mL toluene plus 4 
mL ethanol and titanium(IV) ethoxide (0.24 mmol) was added. The RM was 
refluxed for 2 hours and then concentrated and stored at -18oC. 
[Ti6(µ2-O)(µ3-O)2(µ2-OEt)5(µ-OEt)6(tBPA)3(HtBPA)], 5d, Tert-
butylphosphonic acid (0.48 mmol, 2 eq.) was dissolved in 0.3 mL toluene 
plus 4 mL ethanol and titanium(IV) ethoxide (0.24 mmol) added. The RM 
was refluxed 2 for hours and then concentrated and stored at -18oC. 
[Ti4(µ-iOPr)4(acac)4(tBPA)4], 6d, Tert-butylphosphonic acid (0.85 mmol) 
was dissolved in 5 mL acetone and Ti(acac)2iOPr2 (0.20 mmol) was added. 
The RM was refluxed for 3 hours and then concentrated and stored at -18oC. 
[Ti5(µ4-O)(µ2-O)3(µ2-OEt)4(µ-OEt)6(µ-HOEt)(µ3-tBPA)]2, 7d, Tert-
butylphosphonic acid (0.24 mmol) was dissolved in 0.3 mL toluene plus 3 
mL ethanol and titanium(IV) ethoxide (0.24 eq.) was added. The RM was 
refluxed for 0.5 h and stored at 4oC. 
Ti2Y(NO3)2(
iOPr)9, 1e. To titanium(IV) isopropoxide in toluene, 0.15 eq. 
yttrium(III) nitrate hexahydrate was added. The RM was solvothermally 
treated at 85oC for 44 hours and cooled down to room temperature. 
 2.1.2. Synthesis of rare-earth modified titania nanopowders 
Rare-earth element (REE) modified titania nanopowders were 
synthesized by solvothermal processing. Titanium(IV) ethoxide was added 
to REE nitrates (Y, Eu, and Sm) dissolved in anhydrous ethanol. The REEs 
were added in two different concentrations; 2.5 mol% and 5 mol% with 
respect to titanium. Clear, dark-brown solutions were obtained after reaction. 
These were dried at ambient conditions yielding amorphous, brown to 
orange-brown powders. The powders were carefully grinded to fine powders 
in an agate mortar. Finally, the powders were annealed in air between 400oC 
and 800oC (with 100oC increments) in ceramic crucibles. Ramping from RT 
to the final temperature was one hour, this temperature was held for 2 hours. 
The powders were subsequently cooled naturally to RT in the furnace. The 
different powders are hereafter referred to as Ti-REEx-t, where REE is Y, 
Sm, or Eu, and x is either 2.5 or 5 mol%, and t is the annealing temperature. 
Characterization of the powders includes PXRD, SEM-EDS, FTIR, Raman, 
XPS, and UV-Vis. 
 
2.1.3. Self-assembly of titania nanoshells 
Typically, ca. 2 mg hydrothermally synthesized titania were sonicated in 
toluene containing 0.5 mg/mL n-dodecylphosphonic acid for 1 hour. 
Following, under vigorous magnetic stirring, 1 mL 0.1 w% alginate and 2 
mL 0.5 mg/L glucose-6-phosphate (both as aqueous solutions) were 
simultaneously added. Stirring was continued for 2 hours. 
 
2.1.4. Syntheses of nanotitania-nanocellulose hybrid materials 
Cellulose nanofibrills (ca. 0.5 w%) aqueous suspension, with addition of 
2 mL 1 w% polyethylene glycol, was heated to 70oC under magnetic stirring. 
At 70oC, the appropriate amount of titania (hydrothermally synthesized, 
Captigel, or TiBALDH) was added. The suspensions were stirred for 2 hours 
at 70oC and then transferred into Petri dishes and kept in an oven at ca. 40oC 
until dry. 
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2.2. Chemical analysis and characterization  
2.2.1. Stability of modified titanium (oxo-) alkoxide complexes  
2.2.1.1. Hydrolytic stability 
It was of interest to investigate whether addition of different organic 
ligands (phenoxide, β-diketonate, phosphonate) could stabilize oligonuclear 
titanium-oxo cores in aqueous solution. Titanium oxo-alkoxide single 
crystals of complexes with phenoxide (1a), phosphonate (1d), phosphonate 
plus β-diketonate (6d) ligands, and one bimetallic complex (Ti2Y, 1e) were 
submerged into dH2O and the resulting products were analyzed by electron 
microscopy and AFM. For a selected titanium oxo-alkoxide complex (5d) 
with phosphonate ligands the hydrolysis was followed by 31P NMR. 
Phosphorous NMR was considered a good tool due to the high abundance 
of the NMR-active 31P isotope (ca. 100 %) and cleaner spectrum compared 
to 1H NMR. During hydrolysis of the titanium alkoxy-phosphonate complex 
the phosphonate ligands are expected to be mostly retained on the surface of 
the emerging particles. Therefore, all or most P signals should diminish in 
intensity and/or shift position if the compound hydrolyzed and precipitated. 
It was demonstrated earlier that hydrolysis of modified titanium alkoxides 
under controlled conditions afforded oxide phases with complex morphology 
and porosity (Seisenbaeva et al., 2010a; Seisenbaeva et al., 2010b). 
Therefore, the obtained morphology under different hydrolysis conditions 
was of interest. Selected complex 7d, being the most pre-hydrolyzed 
compound (O/Ti = 0.8) of the titanium alkoxy-phosphonates, was 
hydrolyzed under two different conditions in attempts to obtain oxide phases 
with complex morphologies. The conditions used were a near-boiling 
Pickering suspension of CNF, and water-acetone mixtures with different v% 
acetone at room temperature. 
 
2.2.1.2. Solution stability of selected modified titanium 
complexes 
In the application of molecular precursors, the structure might be essential 
for the function, e.g. in the coupling of inorganic metal oxo-cores containing 
ligands with terminal functional groups for use as linkers in organic-
inorganic hybrid materials (Rozes & Sanchez, 2011) or for the production of 
 bimetallic oxides such as BaTiO3 of a particular stoichiometry. As the 
crystallized form may or may not be the dominant form in solution, 
investigation of a complex solution behavior is important. In this work 
(papers III and IV) 31P NMR was employed to investigate solution stability 
of titanium oxo-alkoxide complexes with phosphonate ligands in anhydrous 
CDCl3 or acetone-d6. Diffusion ordered spectroscopy (DOSY) was used to 
confirm stability of compounds 1c and 2c. DOSY was additionally applied 
in an attempt to distinguish different species in the reaction mixture of 2c 
which revealed a complex 31P NMR spectrum. 
 
2.3. Photocatalysis 
The Sm- and Eu-modified titania nanopowders were evaluated for their 
photocatalytic properties. For this, 30 mg of each catalyst were added to a 5 
mL solution of 5 mM trimethylphenol (TMP). To achieve an adsorption-
desorption equilibrium the suspension were stirred for 15 minutes in dark. 
Three different wavelengths were used; 445-465 nm, 510-530 nm, and a 
wide range visible lamp. Degradation of TMP was measured by HPLC-
UV/vis. The photocatalytic studies were performed by collaborators in the 
National Institute for Laser, Plasma & Radiation Physics, (Romania). 
 
 
2.4. Drug release from CNC_TiO2_TR and hydrolyzed complex 
1a 
2.4.1. Hydrolyzed complex 1a 
As mentioned above, nanocellulose dressings have demonstrated 
potential for wound healing but they have the disadvantage of not being 
inherently antibacterial. To overcome this, drug carriers in form of titania 
nanoparticles were attached to the nanocellulose and subsequently loaded 
with an antibacterial agent (triclosan) (paper II). Patches of nanocellulose-
nanotitania-triclosan (CNC_TiO2_TR) containing the minimal inhibitory 
55
56 
 
concentration (MIC) of triclosan was incubated with agar cultivations of 
Escherichia coli (CCUG24T) and Staphylococcus aureus (CCUG1800T) at 
37oC in darkness. Inhibitory zones were measured after 18 hours. 
 
2.4.2. CNC_TiO2_TR 
A certain amount of 1a single crystals was dissolved in ethanol to equal 
the minimal inhibitory concentration (MIC) of triclosan for Staphylococcus 
aureus (CCUG1800T) (paper I). Filter paper pieces (1 cm2) were soaked by 
the solution and the ethanol was evaporated. Filter paper pieces (1 cm2) with 
MIC concentration of triclosan was used as control. During hydrolysis of the 
complexes, the oxo-cores will coalesce to nanoparticles decorated with the 
organic ligands. S. aureus was grown on agar plates together with filter 
papers and the inhibitory zone measured after 18 hours at 37oC in darkness. 
 
2.5. Immunological studies of the nanocellulose-
nanotitania hybrid materials 
The immunological studies and cell cultivations were performed at the 
Rudbeck Laboratory, Department of Immunology, Genetics and Pathology, 
Uppsala University. 
 
2.5.1. Human whole blood chamber model 
Human whole blood where exposed to pieces of the nanotitania-
nanocellulose hybrids and the control material (CNF_PEG) for 1 hour at 
37oC under rotation in special incubation cells (Figure 17). Immediately after 
incubation, platelets were counted using a Sysmex XP-300 Hematology 
Analyzer (Sysmex Corp.). The blood samples were centrifuged at 4oC and 
the supernatant (plasma) was separated and stored at −80oC until further 
analyses. 
  
Figure 17. Incubation cell for blood experiment. The cell has two chambers 
(a), rubber tightening (b), and a lid (c). The purple spot on the lid indicates 
successful heparinization. 
 
2.5.2. ELISA analyses of immunological markers 
To get deeper insight into the immunological responses induced by the 
control material (CNF_PEG) and the three hybrid materials 
(CNF_PEG_TiO2, CNF_PEG_Captigel, and CNF_PEG_TiBALDH), a 
number of protein markers for complement activation, contact activation, 
and coagulation were quantified by enzyme-linked immunoassays (ELISA). 
The proteins analyzed were thrombin-antithrombin (TAT) complex, C3a, 
sC5b-9, C1-inhibitor-Factor XII-complex, and C1-inhibitor-Factor XI- 
complex. The functions of these are briefly described in Results and 
Discussion (section 3.5.) in context with the results. More details are 
available in manuscript V. 
 
 
 
 
 
 
57

 3. Results and Discussion 
3.1. Synthesis of modified titanium (oxo-) alkoxide complexes 
A number of different titanium (oxo-) alkoxide complexes have been 
synthesized. Complexes 1a and 1b (paper I and paper II) contain triclosan 
as ligand and were synthesized as model for triclosan-titanium interactions.  
A series of phosphonate ligand modified complexes (1c, 1d through 7d, 
paper III and paper IV) were synthesized as models for phosphonate-titania 
ligand interactions for phosphonate-containing drugs and ligands used in 
self-assembly processes (manuscript VI). Finally, a bimetallic titanium-
yttrium alkoxide complex, without oxo-bridges, (1e, manuscript VII) was 
synthesized as an intermediate/potential single source precursor for yttrium-
doped titania. 
 
3.1.1. Structural comments 
Two different complexes were obtained when reacting triclosan with 
titanium(IV) ethoxide in acetone. The first complex (1a) has a Ti4O2 core and 
two triclosan ligands and the second complex (1b) has a Ti5O2 core with one 
triclosan ligand (Figure 18). 1a and 1b share the same principle core-
structure with four titanium octahedra connected via edge sharing. In 1b, an 
additional titanium atom is attached, sharing edges with two other octahedra 
(Figure 19). These fragments are structurally related to the packing of Ti and 
O in anatase. In both complexes condensation products of acetone, catalyzed 
by the titanium-oxo core (Meerwein-Ponndorf-Verley reduction), were 
present as coordinating ligands. The condensation of solvent acetone by a 
titanium oxo-core, with subsequent coordination of the condensation 
product, has been reported previously by Barkley and co-workers (1997). 
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Figure 18. Molecular structures of compounds 1a (a) and 1b (b). Hydrogen 
atoms and solvating molecules have been omitted for clarity. Light green is 
titanium, grey is carbon, red is oxygen, and dark green is chlorine. 
 
 
Figure 19. Core-structures of compound 1a (a) and 1b (b). Green octahedra 
are titanium and red is oxygen. 
The reaction between tert-butylphosphonic acid and titanium(IV) 
ethoxide or titanium(IV) diisopropoxide bis(acetylacetonate) (paper IV) and 
between titanium(IV) isopropoxide and phenylphosphonic acid (paper III) 
resulted in a series of phosphonate-modified titanium (oxo-) alkoxides.  
Structurally, they can be divided into two groups, one with compact oxo-
cores and one with more open oxo-cores. Compounds 1c, 1d, 3d, 4d, and 5d 
are all based on Ti2O and/or Ti3O fragments connected via phosphonate 
groups, forming open oxo-cores (Figure 20 & Figure 21). This arrangement 
appears to be very a common structure for titanium alkoxide complexes with 
 phosphonate ligands (Hayami et al., 2018; Czakler et al. 2014; Czakler et al., 
2015) in the view of generally respected energetic stability of Ti-O-P bonds. 
The compounds thus formed can be considered as titanium oxo-
phosphonates. 
However, complexes with one phosphonate ligand (Seisenbaeva et al., 
2015; Chen et al., 2015), or the large ”clusters” reported by Coppens’ group 
(2013) which are examples of MTSALs stabilized by phosphonate ligands 
on their surfaces, display a more compact core structure. Generally, all 
structures have either edge or corner sharing, or both. The exception is 
complex 6d, where the four titanium octahedra are completely separated 
from contact with each other by bridging tBPA ligands. 
 
 
Figure 20. Molecular structure of 1c. (a) Hydrogen atoms and the solvating 
toluene molecule have been removed for clarity. (b) The core-structure of 1c 
in a different orientation. Green octahedra are titanium, magenta is 
phosphorous, and red is oxygen. 
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Figure 21. Metal-oxo core-structures of the titanium oxo-alkoxide 
phosphonates from paper IV in polyhedral representation. Green octahedra 
are titanium, magenta is phosphorous, and red is oxygen. 
 
In comparison, titanium (oxo-) alkoxide complexes with chelating 
ligands, such as carboxylates, catechols, and β-diketonates, tend to have a 
more compact, ordered core-structure (Czakler et al., 2012; Stenuo et al., 
1999; Werndrup & Kessler, 2001). Wright and Eslava have reported a series 
of bimetallic (Co, Fe, Cr, Mo, Cu) titanium oxo-alkoxides without chelating 
or bridging hetero-ligands (Eslava et al., 2010; Eslava et al., 2010; Eslava et 
al., 2011). They generally obtained cage-like structures with formulas such 
as [Ti4O(OEt)15(MCl)] (where M = Co, Zn, Fe, Cu) and 
[Ti7O5(OEt)19(CoCl)] resembling the types of core-structures obtained in this 
work. 
The majority of mixed titanium-lanthanide alkoxide complexes reported 
to date consists of larger metal oxo-cores (e.g. MzTix(O)n) where chelating 
ligands (often carboxylic acids) act as linkers between titanium and the 
lanthanide (Ln) (Artner et al., 2014; Li et al., 2018; Zhao et al., 2019). Work 
by Schubert and co-workers (2014) found a dependence of the ionic radius 
of the lanthanide on the type of complex formed, where the smaller ions 
 formed a Ln2Ti4O4-type complex while the larger ions formed a Ln2Ti6O6-
type complex. Both complexes contained methacrylic acid as a linker 
between Ln and Ti. The Ti2Y(iOPr)9(NO3)2 complex (1e) (Figure 22) is 
unique in the sense that the titanium and yttrium atoms are linked exclusively 
via μ2-iOPr ligands, and that it does not contain any oxo-bridges or organic 
heteroligands. The Ti2Y-oxo core resembles the halide structure of titanium 
and is isostructural with [Ti3Br13] and [Ti3Cl13] (Meyer et al., 2009). 1e is 
highly moisture sensitive and readily hydrolyzes outside a protected 
environment. The yttrium atom in 1e is octa-coordinated by six μ2-iOPr 
ligands and two chelating nitrate groups. The metal oxo-core differs from the 
above structures as there is only face sharing between the polyhedra in 1e. 
 
Figure 22. (a) Molecular structure of compound 1e. (b) Oxo-core of 1e. 
Green is titanium, turquoise is yttrium, purple is nitrogen, red is oxygen, and 
grey is carbon. Hydrogen atoms have been removed for clarity. The two 
nitrate groups on the yttrium ion were heavily disordered. Figure from 
manuscript VII. 
 
The yttrium polyhedron shares one face with each titanium atom and the 
two titanium atoms share one face with each other. According to Pauling’s 
third rule, the stability of a coordination compound decreases if edge-
sharing, and particularly face-sharing is present. In edge- and face-sharing 
the cations are closer to each other compared to corner-sharing and the 
electrostatic repulsion increases, resulting in instability (Essington, 2015).  
Compound 1e formed by solvothermal reaction between 0.10 eq. to 0.35 
eq. Y(NO3)3•6H2O and Ti(iOPr)4. When using 0.4 eq. Y(NO3)3 a white 
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precipitate of amorphous titania with ca. 15 w% yttrium after washing was 
obtained. Recording of a 15N NMR spectrum for 1e was attempted but 
because of the isotope’s low natural abundance (ca. 0.4 %) a satisfactory 
spectrum could not be obtained. 
 
3.1.2. Characterization of REE-modified titania nanopowders 
Rare-earth elements (REE) are key components in many advanced 
electronic devices due to their special magnetic, optical, and electronic 
properties which originates from their shielded f-orbitals. An introduction 
about occurrence, processing, applications, and concerns of REEs is 
available in the thesis by Polido-Legaria (2018). During the last two decades, 
doping of titania with REEs has been a popular method to red-shift the EM 
absorption into the visible region, thereby facilitating photocatalysis. 
Here, titania was modified by addition of REE-nitrates in different 
concentration using a solvothermal method. The annealed powders were 
characterized by a variety of methods and finally evaluated for 
photocatalysis in narrow and broad visible ranges. 
PXRD patterns were recorded for all annealing temperatures, Figure 23. 
In accordance with the literature, addition of “dopants” generally increase 
crystal phase-transition temperatures. For the titania samples with the 
addition of 2.5 mol% REE, annealing at 400oC was not enough to obtain 
crystalline anatase, instead 500oC was required. These particles were stable 
up to 700oC before transformation into rutile became evident. A systematic 
substitution of Ti4+ for REE ions in the titania lattice is not expected because 
of the large difference in ionic radii. Instead, surface bound REE and 
deposition of REE-oxides, and possibly REE titanates, are hypothesized to 
be responsible for the increased crystallization and phase-transition 
temperatures observed. The phase-transition from anatase to rutile is initiated 
from the crystallite surface. Thus, if Ti-O-REE bonds are present on the 
surface, the transition could be impeded since the larger REE ions will not 
easily be integrated into the titania lattice. It is also possible (but would 
require further studies) that deposited rare-earth oxides and rare-earth 
titanates could provide stabilization be decreasing surface energy or provide 
steric hindrance against phase-transformation. This would be a topic for an 
interesting, potential future study. 
 The 5 mol% REE-modified samples required even higher annealing 
temperatures, 600oC, to obtain fully crystalline anatase. Note at this 
temperature pristine anatase is undergoing phase transformation to rutile 
(Arroyo et al., 2002). However, the Y-doped sample became fully crystalline 
at 500oC. The reason for this difference in crystallization temperature might 
be explained by the differences in ionic radii between Y3+ (104 Å) and the 
larger Eu3+ (109.8 Å) and Sm3+ (108.7 Å) (Shannon, 1976). Ti-O-REE where 
REE is Eu3+ or Sm3+ might provide better blocking/stabilization against 
phase-transition and particle growth compared to Y3+. At annealing on 700oC 
traces of the rutile begin to appear for both the 2.5 mol% and the 5 mol% 
modified at 700oC. This became more evident at 800oC when the (1 0 1) 
reflection of rutile appears for Ti-Y2.5, Ti-Y5, Ti-Eu5, and Ti-Sm2.5. 
Between annealing temperatures 500oC and 800oC no obvious signs of 
secondary phases (such as TiREEO3, REE2O3, or Ti2REE2O7) for either 
dopant concentration are visible from the X-ray pattern. However, formation 
of Ti2REE2O7 has been reported to start above 800oC and this phase may not 
be very prominent below this temperature (Mrazek et al., 2014; Mrazek et 
al., 2015). The detection of secondary phases in small amounts can be 
difficult by PXRD and they could be present below the limit of detection. 
Even though the REE ions may not enter the Ti4+ positions, they could take 
an interstitial positon that would increase oxygen vacancies and thereby 
lattice defects. This could lead to delayed phase transformation, and possibly 
also to the observed delayed amorphous-to-anatase transformation (Arroyo 
et al., 2002). 
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Figure 23. PXRD patterns of the REE-modified titania powders at different 
annealing temperatures. (a) Ti-Y2.5, (b) Ti-Y5, (c) Ti-Eu2.5, (d) Ti-Eu5, (e) 
Ti-Sm2.5, and (f) Ti-Sm5. Red, magenta, black, green, and blue represents 
annealing temperatures (top to bottom) 800oC, 700oC, 600oC, 500oC, and 
400oC, respectively. Peaks labeled “a” and “r” belong to the anatase and 
rutile phases, respectively. Figure from manuscript VII. 
 
SEM imaging of the powders indicate that the powders mostly consist of 
rather big aggregates mixed with smaller particles (Figure 24). The EDS 
mapping of 2.5 mol% doped samples in Figure 25 indicates a homogenous 
distribution of the REEs in the samples. 
  
Figure 24. SEM micrographs of the TiO2-REE powders used for catalysis. 
(a) Ti-Eu2.5-500, (b) Ti-Sm2.5-500, (c) Ti-Eu2.5-600, (d) Ti-Sm2.5-600, (e) 
Ti-Eu5-600, (f) Ti-Sm5-600, (g) Ti-Eu5-700, (h) Ti-Sm5-700. Scale bars 
represent 50 μm. Figure from manuscript VII. 
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Figure 25. Elemental mapping of titania nanopowders modified with Eu and 
Sm. (a) Ti-Eu2.5-500, (b) Ti-Eu2.5-600, (c) Ti-Sm2.5-500, (d) Ti-Sm2.5-
600, (e) Ti-Y2.5-500, (f) Ti-Y2.5-600. Figure from manuscript VII. 
 
Ti-O-REE bonds in titania have reported based on FTIR-analyses of REE 
“doped” titania (Sibu et al., 2002). This could potentially come, for instance, 
from Ti2REE2O7, TiREEO3, or possible REEs bond to terminal titanium ions 
(Cruz et al., 2011). A number of publications report the syntheses of “REE-
doped titania” and the authors concluded that the REE formed REE2O3 (and 
other oxides), rather than that REE was incorporated into the titania lattice 
(Rozman et al., 2019; Zhou et al., 2013;) or that the REEs possibly occupied 
interstitial positions (Dhanalakshmi et al., 2017). In other studies, it was 
claimed that REE ions (Gd3+ and Ce3+) indeed entered the titania lattice in 
Ti4+ positions (Toloman et al., 2017). The latter conclusion was based on 
electron spin resonance (ESR) and Raman spectrometry together with 
reduced primary particle sizes. Due to the large ionic radii of Gd3+ and Ce3+ 
(107.8 ppm and 115 ppm, respectively), it is doubtful that they can enter the 
titania lattice in the Ti-position. In another study, Reszczýnska and co-
workers (2015) reported doping of titania with Er3+ and Yb3+ based on 
photoluminescence data. The most likely position of the REE-dopants are 
either a fine dispersion over the TiO2 surfaces in form of REE oxides or 
surface bound REE (Ti-O-REE) (Choi et al., 2010). 
 
 Figure 26. Raman spectra for europium (a) and samarium (b) modified 
titania at 488 nm excitation wavelength. a = anatase and r = rutile. Figure 
from manuscript VII. 
The modified powders were investigated by Raman spectrometry, Figure 
26. The spectra for the Eu-modified powders are very similar, displaying four 
vibration modes: 199 cm-1 (Eg), 401 (A1g), 520 cm-1 B1g, and 643 cm-1 (Eg), 
all assigned to anatase (Qian et al., 2005). Three of the Sm-modified titania 
nanopowders display the same anatase vibrations, except Ti-Sm5-700 which 
shows vibration modes belonging to the rutile phase (Qian at al., 2005): 449 
cm-1 (Eg) and 617 cm-1 (A1g). The PXRD spectra of Ti-Sm5-700 (Figure 23f) 
indicate this sample to mainly consist of the anatase phase. It is possible the 
Raman spectrum was collected in an area with higher rutile content than 
representative for the whole sample.  
FITR spectra of powders used for photocatalysis indicate that they are 
essentially free from organic compounds. Minor intensity signal centered 
around 1615 cm-1 may be assigned to bending of Ti-OH-bonds on the 
surface. Its intensity appears to diminish with increased annealing 
temperature. For the amorphous powders the nitrate signal is clearly visible 
at 1384 cm-1 (Figure 28). It is apperent from Figure 27 that nitrate is removed 
during annealing. The amorphous powders also contains higher amount of 
the bending OH-signal at 1615 cm-1, as well as Ti-OH bonds stretching in 
the 3100-3500 cm-1 region. 
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Figure 27. FTIR-spectra of the annealed titania nanopowders used for 
photocatalysis. Interpretation of signals are indicated. 
 
 
Figure 28. FTIR spectra of amorphous Ti-Eu5 and TiSm5 powders and 
reference titania. Interpretation of signals are indicated. 
 
 
 3.1.4. Characterization of self-assembly of titania nanoshells 
In the first attempts to produce self-assembled nanoshells (hollow 
spheres), titania nanopowders were added directly to a vigorously stirred 
mixture of 0.5 mg/mL DPA in toluene + 0.5 mg/mL G6P + 0.1 w% alginate.  
This did not work. Sonication in pure toluene or water also lead to fast re-
aggregation of the dispersions. Instead, sonication in toluene with the 
hydrophobic ligand (DPA) resulted in stabilization of the smaller particles.  
Under vigorous stirring, the hydrophilic ligand (G6P) and alginate were 
added simultaneously. Following stirring for two hours followed by settling 
of the system, the titania nanoshells were obtained. 
The stirring resulted in a water-toluene emulsion. Nanoparticles are 
known for their ability to migrate to phase-boundaries and acting as 
stabilizers, i.e. Pickering stabilizers. In the interface, the particles will be 
exposed to DPA from the toluene phase and G6P from the water phase, 
resulting in particles with hemispheres of opposite polarity. Hydrogen 
bonding between alginate and G6P is hypothesized to increase stability, as 
no spheres were obtained without the presence of alginate, or at very low 
alginate concentrations. The sizes of the obtained titania nanoshells are fairly 
homogenous, commonly between 500 nm to 3 μm. As seen in Figure 29 
some spheres are always broken and the extent of broken nanoshells vary by 
batch. 
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Figure 29. SEM micrographs of self-assembled titania nanoshells. (a) Lower 
magnification micrograph of nanoshells dispersed over a matrice. (b) 
Micrograph of titania nanoshells of rather narrow size distribution. Average 
diameter calculated from 40 random nanoshells was ca. 1 μm (standard 
deviation (SD) 760 nm). (c) An example of nanoshells with higher size 
distribution. (d) Micrograph with several broken nanoshells. Average 
diameter calculated from 40 random nanoshells was ca. 680 nm (SD = 410 
nm). The inset in (d) shows several incomplete nanoshells at 9000X 
magnification. Figure from manuscript VI. 
The nanoshells were analyzed by elemental mapping. It is seen from 
Figure 30 that the spheres consist of titania. However, not all material will 
self-assemble and is instead dispersed on the carbon tape, resulting in signals 
around the spheres, particularly for phosphorous. The higher concentration 
of phosphorus on the nanoshells according to EDS mapping, together with 
no observed formation of nanoshells in the absence of the organic ligands, 
suggests that ligands are essential for the self-assembly process. To obtain 
better information about the surface, the nanoshells were imaged by AFM. 
Figure 31 shows the AFM micrographs of several nanoshells, including 
magnified surface on one nanoshell, clearly displaying that it consists of 
smaller aggregates. 
  
Figure 30. Elemental mapping of the titania nanoshells, showing presence of 
titanium, oxygen, and phosphorous. Analysis of (a) an aggregate of self-
assembled spheres and (b) an individual sphere. Figure from manuscript VI. 
 
 
Figure 31. AFM micrographs of titania nanoshells. (a) Micrographs of a few 
larger nanoshells. (b) An aggregate of smaller nanoshells average diameter 
is 420 nm (SD = 80 nm). (c) Magnified micrograph of three small nanoshells 
average diameter is 416 nm (SD = 55 nm). (d) Magnified micrograph of the 
surface of a nanoshell. Nanoshell topography is shown in e, and f, and a 3D 
image of a surface in g. Figure from manuscript VI. 
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3.1.5. Characterization of nanotitania-nanocellulose hybrid 
materials 
Three different nanotitania-nanocellulose hybrid materials were 
synthesized, using titania from three different sources. In addition, with one 
control material (CNF_PEG) without titania was synthesized. The different 
titania used were; pre-synthesized titania (ca. 10 nm), 3 nm colloidal anatase 
nanoparticles, and one in situ formed titania from the aqueous TiBALDH 
precursor. The materials were stabilized by small amounts of PEG to avoid 
wrinkling during drying. Rather strong and flexible materials were obtained 
(Figure 32). It is apparent from SEM micrographs (and by visual inspection) 
that the titania source is important for the homogeneity. The pre-synthesized 
titania nanopowder, even though sonicated in solution before addition, 
tended to form aggregates in the material. 
On the other hand, the colloidal titania and in situ formed titania from 
TiBALDH produced very homogenous materials as can be seen by the SEM 
micrographs (Figure 33). It is noted though that the TiBALDH containing 
hybrids have a rougher surface compared to the Captigel containing hybrids.  
 
Figure 32. Photographs of the control material CNF_PEG (a), and the three 
different hybrid materials CNF_PEG_TiO2 (b), CNF_PEG_Captigel (c), and 
CNF_PEG_TiBALDH (d). Figure from manuscript V. 
  
Figure 33. SEM micrographs of the control material CNF_PEG (a), and the 
three different hybrid materials CNF_PEG_TiO2 (b), CNF_PEG_Captigel 
(c), and CNF_PEG_TiBALDH (d). EDS insets in b, c, and d indicate 
presence of titanium. The scale bars represent 50 μm. Figure from 
manuscript V. 
 
Immersing the materials in water resulted in swelling to thin gels. They 
retained their structure in water for at least one week, although the 
mechanical strength obviously decreased. This is promising properties from 
the wound-dressing point of view. 
 
3.2. Hydrolytic stability and solution behavior of modified 
titanium oxo-alkoxide complexes 
Modified titanium oxo-alkoxide complexes are of interests for several 
applications including single-source precursors, homogenous catalysis, and 
components in organic-inorganic hybrid materials. As previously mentioned 
the solid-state structure of a complex may not be retained in upon dissolution 
or may vary dependent on solvent (e.g. non-coordinating vs. coordinating). 
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Another concern is the use of titanium oxo-alkoxides “stabilized” by 
chelating ligands in aqueous systems for homogenous catalysis. Several 
complexes synthesized within this work were characterized for their solution 
stability and thoroughly characterized for hydrolytic stability. 
 
3.2.1. Hydrolytic stability of ligand-modified complexes 
Selected modified titanium complexes were submerged in water and 
analyzed with microscopic techniques (SEM, HRTEM, HRAFM) and NMR 
to verify whether certain ligands (phenoxide, phosphonate, and phosphonate 
+ acetylacetonate, 1a, 1d, and 6d, respectively) imposed any hydrolytic 
stability. Also 1e, the bimetallic titanium-yttrium complex, was treated with 
water and investigated by HRTEM. In the case when modified titanium 
alkoxide complexes are used, for instance, as precursors for hybrid materials 
or as single source precursors for complex metal oxides, their integrity in 
solution is critical. The solution stability of titanium alkoxide phosphonates 
in paper III and paper IV were probed by a combination of NMR 
techniques, i.e. 1H, 13C, 31P, and 1H DOSY NMR. Water-treatment of 1a 
(phenoxide ligands) with water resulted in hydrolysis of the complex. Dried 
precipitates of 1a were analyzed by SEM, HRTEM, and AFM. The SEM 
micrograph in Figure 34b shows pieces of precipitates are distinct from non-
water treated 1a (Figure 34a). The precipitate had an appearance quite similar 
to hydrothermally synthesized titania. High-resolution microscopy by AFM 
of precipitates revealed rather homogenous nanoparticles of about 20 nm in 
size (Figure 35). Measurements of lattice fringe distance (0.35 nm) of 
particles from HRTEM micrographs (Figure 34d) concluded the particles 
were titania in the anatase phase. This strongly suggest that the phenoxide 
ligands did not stabilize compound 1a against hydrolysis. 
  
Figure 34. SEM and TEM micrographs of compound 1a. SEM micrographs 
of (a) non-hydrolyzed crystal of 1a and hydrolyzed crystal of 1a (b). TEM 
micrographs of hydrolyzed 1a showing secondary particles (c) and lattice 
fringes of an anatase particle (d). Figure reproduced from paper I with 
permission from the publisher. 
 
 
Figure 35. AFM of hydrolyzed compound 1a. 3D image (a) and 2D image 
(b) of the same area. Figure reproduced from paper I with permission from 
the publisher. 
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Figure 36. TEM and AFM micrographs of compound 1d (a, c) and 
compound 6d (b, d). Image modified from paper IV. Both the TEM and 
AFM micrographs confirm the formation of well-defined titania 
nanoparticles when the compounds are treated with water. 
 
Hydrolysis studies were expanded to two complexes from paper IV, 1d, 
and 6d. Compound 1d is modified with bridging phosphonate groups while 
6d has both bridging phosphonate groups and chelating β-diketonate groups. 
1d, and 6d were submerged into water and the formed white precipitate were 
analyzed by HRTEM and AFM (Figure 36). As with 1a, the microscopy 
studies revealed formation of homogenous, spherical particle aggregates of 
about 50 nm. HRTEM imaging of primary particles (insets in Figure 36a, b) 
revealed small crystalline particles. The lattice fringe distance were in both 
cases measured to 0.2 nm, which corresponds to the (2 0 0) plane of anatase.  
Thus, none of the ligands or the combination of two ligands resulted in 
any apparent increase in hydrolytic stability. However, ligand-solvent 
 interactions are known to influence the morphology of the hydrolyzed 
products, which were investigated next. 
Crystals of the bimetallic Ti2Y-complex 1e were also treated with water 
and imaged by HRTEM. From Figure 37 it can be seen that hydrolysis caused 
the formation of anatase nanoparticles of very narrow size distribution (ca. 3 
nm average diameter). 
 
 
Figure 37. HRTEM micrograph of 1e submerged in water. A few primary 
particles with crystalline cores (anatase) are indicated by white circles. The 
diameter of the particles are ca. 3 nm. Inset: increased magnification of an 
anatase nucleus. Image from manuscript VII. 
 
3.2.2. Complex oxide structures from hydrolysis of precursors 
Hydrolysis of carboxylate modified titanium alkoxides has resulted in 
diatom-like structures and it was reasonable to assume that also phosphonate 
modified could yield complex oxide structures. Hydrolysis of 7d (its 
equilibrium forms in solution) under different conditions yielded quite 
different structures. In the first case, precursor solution (toluene) was quickly 
injected to a dilute CNF-suspension at ca. 90oC. CNF acted as a Pickering 
emulsifier at the organic-water interface (Bai et al., 2018; Varanasi et al., 
2018). This yielded spherical titania of different sizes. Annealing resulted in 
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partial destruction of the spheres that revealed a very porous, hierarchical 
structure very similar to those obtained by Collins and co-workers (2004). 
When the spherical toluene droplets enters the water the titanium alkoxide 
complexes at the surface instantaneously hydrolyzes, forming a 
semipermeable membrane. Water passes through the membrane into the 
sphere, causing hydrolysis of the titanium complexes to titania particles. 
These particles make up channels through which water diffuses (Figure 
38a and b). The hydrolysis of titanium(IV) methoxide to anatase was 
reported to occur topotactically upon contact with water. Simultaneous 
hydrolysis-condensation reactions of Ti(OMe)4 precursor crystals lead to a 
contraction of the structure with formation of lamellar sheets with the 
emergence of anatase nuclei (Seisenbaeva et al., 2012). The same basic 
mechanism is probably responsible for the hierarchical hydrolysis structures 
observed in paper IV. 
 
Figure 38. Hydrolyzed “complex 7d” under different conditions. (a) and (b) 
shows the structure obtained after hydrolysis in heated CNF-suspension and 
subsequent calcining. Figures (c), (d), and (e) show the structures obtained 
after hydrolysis in a water-acetone mixture at room temperature. Figure 38a 
is reproduced from paper IV with permission from the publisher. 
 
 3.2.3. Solution stability of selected modified titanium complexes 
As mentioned above, for some applications (e.g. homogenous catalysts, 
precursors for hybrid materials, and single source precursors or metal oxides) 
the integrity of a coordination compound in solution is necessary. Traces of 
water in organic solvents can cause hydrolysis of water-sensitive 
compounds. Solvents containing free electron pairs (e.g. from N, O, and S) 
can shift the coordination equilibrium, thereby destroying the original 
complex. NMR spectrometry is a useful tool for investigating solution 
stability. 31P NMR was used for the phosphonate compounds in paper IV, 
and 31P NMR together with 1H DOSY NMR in paper III. 31P NMR spectra 
were recorded for compounds 1d 3d/4d, 5d, 6d, and 7d. Based on these 
spectra, it was concluded that the solid-state structure of 1d and 5d also were 
the major species in solution for solvent (CDCl3), Figure 39. For compounds 
3d/4d, 7d (anhydrous CDCl3) and 6d (anhydrous acetone-d6) rather complex 
spectra were observed, suggesting formation of several different species in 
solution. 
For complex mixtures of compounds DOSY NMR can be a valuable tool 
for separating different chemical species based on their diffusion constant. 
Compound 1c was investigated using 1H DOSY NMR. Its 31P NMR 
showed one dominant signal (representing ca. 97 area% of the integrated 
spectrum), suggesting integrity of the structure. The DOSY NMR (Figure 
40) confirmed this. Signal assignments are available in paper III. 1H DOSY 
NMR was also employed for the RM of compound 2c, which displayed a 
very complex 31P NMR spectrum. Based on the DOSY spectrum, there 
appears to be two major compounds in the RM, presumably titanium oxo-
alkoxy compounds based on signal assignments (cf. paper III). Thermal 
stability of compound 5d was followed by 31P NMR in CDCl3 (Figure 41).  
The experiment started at 5oC, and was raised stepwise first by 10oC and 
then by 5oC until 50oC. The compound remains mostly stable with some 
minor degradation when approaching 50oC. Interestingly, as a final 
experiment a small amount of deionized water was added. The solution 
immediately became turbid. A new spectrum was then recorded and, as 
clearly seen, no phosphorus signals were detected. This clearly indicated 
hydrolysis of complex 5d in contact with water. 
81
82 
 
 
Figure 39. 31P NMR spectra of two titanium oxo-alkoxide phosphonates with 
different solution stability. The structure of compound 5d (a) is 
predominantly retained in solution, while the spectrum of compound 7d (b) 
contains more signals than expected that suggests dissociation in solution. 
Image modified from paper IV, all 31P NMR spectra of tBPA containing 
titanium alkoxide species are available in papers III and IV. Image modified 
from paper IV, reproduced with permission from the publisher. 
 
 
Figure 40. DOSY NMR spectra of (a) compound 1c and (b) the reaction 
mixture of 2c indicating the presence of one and two major species, 
respectively. The existence of two major species in (b) would have been 
difficult to sort out in an ordinary 1D spectrum. Image modified from paper 
III, reproduced with permission from the publisher. 
 
 
 
  
Figure 41. 31P NMR spectra over different temperatures for compound 5d, 
ranging from 278 K (0oC) to 323 K (50oC) in CDCl3. The four black arrows 
indicate signals for the four different P atoms in 5d. After adding a small 
aliquot of dH2O to the NMR tube, all signals vanquish (with precipitate in 
the NMR tube) as evidence for hydrolytic instability of the compound. 
Reproduced from paper IV with permission from the publisher. 
 
3.3. Photocatalytic properties of REE-modified titania 
The effect on photocatalytic properties by modification of titania with Sm 
and Eu was investigated using trimethylphenol as model compound for 
degradation. The activity was compared to Degussa P25 titania as control. It 
can be seen from Figure 42 that when irradiated with visible light in the 
ranges 445-465 nm and 510-530 nm, all REE modified titania performed 
worse than the control. When using wide range visible light, performances 
were in most cases better for the modified titania compared to the P25 titania. 
However, the total conversions were still very low. It is hypothesized that 
the observed differences may depend on different positions of the REE-
dopants on the surface of the titania nanoparticles. Different ionic radii may 
result in different chemical sites and also different kinds of catalytic centers, 
which may also be affected by annealing temperature. Photoluminescence 
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studies are underway to provide information about the chemical position of 
the REEs. 
One of the mechanisms for promoted photocatalysis by REE doping is 
the inclusion of the REE f-orbitals that can act as electron traps, preventing 
electron-hole recombination (Zalas, 2014). Other works have suggested that 
above a certain amount, REE doping creates recombination centers, which 
instead decreases the activity (Weber et al., 2012). Rozman and co-workers 
(2019) studied photocatalytic activities of titania doped with Ce, La, and Gd.  
They observed a decreased degradation for the modified titania, 
compared to the unmodified titania. They explained this by a decreased 
Ti3+/Ti4+ ratio, resulting in a lower amount of surface hydroxyl groups. 
 
Figure 42. Photocatalytic degradation of trimethylphenol using titania 
modified with Eu and Sm under different wavelengths. (a), 445-465 nm 
LEDs, (b) 510-530 nm LEDs, and (c) wide range visible lamp. Figure from 
manuscript VII. 
 3.3.1. Photoluminescence 
Photoluminescence (PL) spectra (cf. Figures 7 and Figure 8 in 
manuscript VII) were recorded for Ti-Eu2.5-500, Ti-Eu5-700, Ti-Sm2.5-
500, and Ti-Sm5-700 and they revealed interesting differences. The Ti-
Eu2.5-500 sample contains Eu ions both in the titania lattice and on the 
surface. The Ti-Eu5-700, on the other hand, did only display emissions 
corresponding to surface associated Eu. Apparently, the increased annealing 
temperature forced out the doped Eu with indications of a heterometallic 
surface phase. 
The PL spectra of Ti-Sm2.5-500, and Ti-Sm5-700 both indicated the 
presence of two different substitutional positions for Sm, with one dominant 
position, and additionally indications of surface associated Sm. The position 
of the REE dopants will heavily influence the catalytic properties of the 
powders. Doping into the lattice will generate both new intermediate energy 
levels between the CBTiO2 and the VBTiO2, and cause oxygen vacancies to 
balance the charge inequalities. Catalytic reactions take place on the particle 
surfaces and therefore changes in the surface chemistry can drastically effect 
catalytic properties. Migration of internal REEs out to the particle surface 
will increase surface defects and promote catalytic activity which may 
explain the observed higher degradation for powders with higher amounts of 
REEs and higher annealing temperatures under wide-range visible radiation. 
The control P25 titania will have less surface defects compared to the REE-
modified because of the absence of dopants. 
The overall degradation of TMB was very low and the REE-modified 
titania were not efficient photocatalysts. This study does, however, provide 
valuable information about position of Eu3+ and Sm3+ in titania, revealing 
both substitution and surface association. Despite the similarities in size of 
Eu3+ and Sm3+, the latter apparently occupied two different coordination 
environments while Eu3+ only displayed one coordination environment. The 
observed increased activity under irradiation by wide-range visible light is 
probably a combination of volume doping of anatase, with red-shifted 
absorption spectrum and addition of energy levels between VBTiO2 and 
CBTiO2, and an increased amount of surface defects. 
Solvothermal (and sol-gel) methods, which presumably proceeds via 
bimetallic intermediates, appears to be good techniques to produce 
homogenously REE-modified titania nanopowders. 
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3.4. Drug release from CNC_TiO2_TR and hydrolyzed complex 
1a  
Many functional groups have good affinity towards metal oxides, 
including titania, making metal oxide nanoparticles interesting as drug 
carriers for controlled release. Nanocellulose wound dressings have 
demonstrated promising properties as improved healing and less tendency to 
adhere on the regenerated tissue compared to conventional wound-dressing.  
Nanocellulose, however, does not have antibacterial properties and could 
also provide a good environment for microbial growth. Metal oxide 
nanoparticles slowly releasing antibacterial molecules embedded in 
nanocellulose could prevent microbial growth in the wound-dressing. 
Haemocompatibility of nanocellulose-titania hybrids are discussed in section 
3.5. 
 
3.4.1. Drug release from hydrolyzed complex 1a 
During hydrolysis of metal oxo-alkoxide complexes some of the 
coordinating ligands will remain bound the formed nanoparticle surface. 
Thus, the hydrolysis of compound 1a should result in triclosan-coated titania 
nanoparticles Drug release from hydrolyzed compound 1a was investigated 
in paper I. Filter papers with MIC of triclosan from dissolved 1a, a reference 
solution of triclosan, and a negative control was added to agar plates 
inoculated with S. aureus. 
After 18 hours a clear difference in inhibitory zones were seen (Figure 
43). The drug release from the hydrolyzed complex was significantly (by 
one-way ANOVA) slower compared to triclosan loaded on filter paper. The 
pure filter paper had, as expected, no visible effect on the growth of S. 
aureus. 
 
  
Figure 43. Inhibitory effect of triclosan released from filter paper (b), from 
hydrolyzed filter paper (c), and negative control (a) (N = 6). Reproduced 
from paper I with permission from the publisher. 
 
3.4.2. Drug release from CNC_TiO2 composites 
In paper II a drug delivery system based on nanotitania embedded in 
CNC as drug carrier was developed. They were loaded with triclosan and 
their activity tested against E. coli and S. aureus. As can be seen from Table 
1 and Figure 44 inhibitory zones are larger for PCNC compared to 
CNC_TiO2 implying better retention when titania is present. 
There are some inhibitory effects from the PCNC and PCNC-TiO2 
materials which do not contain triclosan. For the PCNC-TiO2 material it was 
speculated that UV-light could cause formation of ROS that killed the 
bacteria. However, UV-irradiation (300 W lamp) of the PCNC-TiO2 
materials immediately before addition of bacteria did not result in any visible 
difference in inhibitory zone compared to the non-radiated PCNC-TiO2 
films. Further, the incubations with the materials were done in darkness with 
only a short time exposed to light during preparations. A likely explanation 
is an antibacterial effect of the 1,2,3,4–bytanetetracarboxylic acid used to 
functionalize the pure CNC, as this compound has a documented 
antibacterial effect (Yazhini et al., 2015). 
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Figure 44. Inhibition zones of antibacterial activity against E.coli: PCNC 
(A), CNC_TiO2 (B), CNC_TiO2_TR (C), and CNC_TR (D), and S. aureus: 
PCNC (E), CNC_TiO2 (F), CNC_TiO2_TR (G), and CNC_TR (H) samples. 
Reproduced from paper II with permission from the publisher. 
 
Table 1. Measured inhibitory zones on E. coli and S. aureus after incubation 
with the CNC_TiO2 composites and controls. SD = standard deviation. 
Modified from paper II. Reproduced with permission from the publisher. 
Sample 
Bacteria 
(strain) 
MIC 
(mg/ml)[34] 
Diameter of 
inhibition zone 
(mm ± SD) 
PCNC 
E. coli 
CCUG24T 
- 13 ± 4 
CNC_TiO2 - 19 ± 6 
CNC_TR 0.1 42 ± 3 
CNC_TR_TiO2 0.1 38 ± 2 
PCNC 
S. aureus 
CCUG1800T 
- 16 ± 7 
CNC_TiO2 - 26 ± 6 
CNC_TR 0.1 62 ± 4 
CNC_TR_TiO2 0.1 56 ± 2 
 
 3.5. Immunological studies of the nanocellulose-nanotitania 
hybrid materials 
The aim of this project was to investigate the haemocompatibility of 
nanocellulose-nanotitania films. First, human whole blood was incubated 
with the films and then concentration of platelets were determined. 
The concentrations of TAT, C3a, sC5b-9, C1In-FXI, and C1In-FXII in 
the blood plasma were quantified by ELISA. These results are discussed 
separately below. 
 
3.5.1. Human whole blood chamber model 
Upon damage of blood vessels, exposed endothelium will activate 
platelets that circulates the blood. The platelets will adhere to the 
endothelium and to other platelets via linking by fibrin. This will eventually 
form a blood clot. Platelets will also become activated if blood is exposed to 
a foreign surface, such as a biomaterial, with subsequent coagulation and clot 
formation via the same mechanism. Thus, during coagulation the number of 
platelets in the blood decreases. 
The platelet concentrations where measured for blood in contact with the 
different materials and compared to the CHS control and the initial samples 
(Figure 46). It was found that platelet reductions for CHS controls and 
CNF_PEG were small compared to the initial sample. However, the three 
hybrid materials had significant (p < 0.05, by t-test) platelet reductions 
compared to both the control and CNF_PEG. Still, the variation in response 
between donors for the three hybrid materials was larger than for the control 
and CNF_PEG, as can be seen from the larger error bars. In addition, large 
clots were observed on the CNF_PEG_TiO2 and CNF_PEG_Captigel after 
incubation (Figure 45). Interestingly, no clots were observed for 
CNF_PEF_TiBALDH. This may a result lactic acid from the TiBALDH 
precursor. It was previously demonstrated by Engström and co-workers 
(2006) that the presence of lactic acid, by decreasing pH, can inhibit 
coagulation. 
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Figure 45. Blood chambers after incubation of the CHS control, control 
material and the three different hybrid materials. The white arrows indicate 
blood clots. Figure from manuscript V. 
 
3.5.2. Thrombin-antithrombin ELISA 
Thrombin is an enzyme that cleaves fibrinogen to fibrin, which function is 
to link platelets into a clot. The antithrombin complex acts as a regulator of 
coagulation and inactivates thrombin by binding to it, forming the thrombin-
antithrombin (TAT) complex. High concentrations of TAT indicate strong 
activation of coagulation. 
The generated thrombin-antithrombin levels were found to be variable 
between different blood donors as seen by the sometimes large error bars in 
Figure 46b. This can at least partly be explained by donors naturally having 
different concentrations of the TAT-components in their blood. Further, they 
can be “high” or “low” responders, meaning that some donors may respond 
more strongly than others on the same material. However, the 
CNF_PEG_TiO2 and CNF_PEG_Captigel materials have statistically 
significant (by One-Way ANOVA) higher TAT-concentrations compared to 
all other treatments. This was also expected from the observation of large 
blood clots after incubation for these two materials. 
 
 
 3.5.3. C3a ELISA 
C3a is an activation product of the complement system. It induces both 
inflammatory responses, activates T-cells, and is important for initiation of 
healing processes. C3a concentrations were measured for the different 
treatments for the three first donors (Figure 47a). As the concentrations 
differed between the donors, concentrations were normalized to the initial 
sample for comparison. All treatments had somewhat elevated C3a 
concentrations after incubation relative to the initial sample. They did, 
however, not differ from to the CHS control. This suggests there were no 
strong promotion of complement activation by any of the materials. 
The observed elevated C3a concentrations in all samples is likely an 
effect of the inevitable air bubble always present in incubation chamber. The 
cleavage of C3 into C3a also results in the formation of C3b, which easily 
attaches to surfaces (e.g. the incubation chamber and the test materials). C3b 
can also bind to neutrophils which may explain the observed decrease in 
neutrophil count in the blood plasma for many of the samples. 
 
3.5.4. sC5b-9 ELISA 
sC5b-9 is also known as the membrane attack complex (MAC) which 
function is to damage cell membranes of pathogens, resulting in their death.  
The MAC is formed upon activation of the complement system, and the 
sC5b-9 protein is thus indicator of complement activation (Nilsson-Ekdahl 
et al., 2016). As seen from Figure 47b, the sC5b-9 concentrations for 
CNF_PEG, CNF_PEG_TiO2, and CNF_PEG_Captigel do not very much, 
indicating there is no particular inflammatory response by either the control 
material or the two hybrid materials. Very interestingly, the 
CNF_PEG_TiBALDH material shows sC5b-9 concentrations very close to 
the initial samples, significantly lower (p << 0.05, by t-test) compared to the 
other materials and CHS controls. 
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Figure 46. Concentrations of platelets, TAT, C1In-FXI, and C1In-FXII. (a) 
Average remaining platelets after incubation, compared to initial sample 
(n=5). (b) Average TAT-concentrations for the different materials after 
incubation compared to initial sample (n=5). (a) Amounts of C1In-FXI in the 
different treatments (n =3), and (d) amounts of C1In-FXII in the different 
treatments (n = 3 Error bars are standard error of mean. CNF_PEG_TiO2, 
CNF_PEG_Captigel, and CNF_PEG_TiBALDH have been abbreviated to 
TiO2, Captigel, and TiBALDH, respectively, in the figure. Figure from 
manuscript V. 
 
3.5.5. C1-inhibitor complex with FXI and FXII 
Factor XII (FXII) is activated by foreign surfaces and will subsequently 
activate Factor XI (FXI), which eventually will lead to the activation of 
prothrombin into thrombin. Thrombin cleaves fibrinogen into fibrin, which 
together with platelets form blood clots. C1-inhibitor (C1In) as a regulator 
by binding to FXII and FXI, thereby inactivating them. Factor XII is 
 activated by contact activation, and the C1In-FXII and C1In-FXI complexes 
are indicators of contact activation of the coagulation cascade (Bäck et al., 
2009; Nilsson-Ekdahl et al., 2016). In most cases, the concentrations of 
C1In-FXII and C1In-FXI were low (Figure 46). C1In tends to bind to fibrin 
in blood clots, thus reducing their numbers in the blood plasma. However, 
due to the presence of lactic acid that inhibits coagulation in the 
CNF_PEG_TiBALDH material, no clot is present to adsorb C1In-FXII and 
C1In-FXI and they remain in the plasma. 
 
Figure 47. (a) Relative C3a concentrations after incubation compared to 
initial sample (n=3). (b) Relative concentrations of sC5b-9 (n=3).Error bars 
represent standard error of mean. CNF_PEG_TiO2, CNF_PEG_Captigel, 
and CNF_PEG_TiBALDH have been abbreviated to TiO2, Captigel, and 
TiBALDH, respectively, in the figure. Image from manuscript V. 
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3.6. What are the nanosafety risks associated with this work? 
With the rapid development of new nanomaterials their potential health 
and environmental impact must be considered. In this work, different titania 
based nanopowders were synthesized. Because of their high surface energy 
they easily aggregate to larger particles which should reduce their harm.  
However, ligand-stabilized nanoparticles may enter waters and risk 
uptake by organisms. Larue and co-workers (2018) reported that mobility 
and bioavailability is TiO2 NPs are much higher in sandy soils compared to 
soils with high contents of clay and organics. Inhalation during handling of 
nanopowders is a major risk. For the application of nanocellulose-nanotitania 
hybrid materials, potential release of titania aggregates from the films into 
blood vessels (with subsequent blood clots) appear to be the largest problem. 
In some instances, such as the titania nanoshells, harmful chemicals were 
required for their production (in this case toluene). Thus, for biomaterials 
using hazardous chemicals during their production proper removal of these 
must be ensured, or, alternatively, substitution with less harmful chemicals 
for the process. 
Research on nanomaterials is currently intense and rapid progress for 
applications in many different fields is made but safety research is falling 
behind. This may find analogy with the concerns raised by Rachel Carson in 
her influential book Silent Spring, covering the concerns and dangers from 
wide-spread applications of newly developed synthetic pesticides with 
poorly understood ecological effects. However, in case of the rapid 
development of nanomaterials the risks are generally well acknowledged 
although not properly understood. The lack of standardized protocols for 
safety evaluation of nanomaterials have been noted by Boyes and co-workers 
(2017). This is an important area of study and presents in itself a very 
interesting research field. 
 
 
 
 
 
 4. Conclusions and outlook 
The work within this thesis was dedicated to development of new 
nanomaterials based on nanotitania and nanotitania-nanocellulose hybrid 
materials, starting from molecular precursors. Studies of the precursors, i.e. 
heteroleptic titanium oxo-alkoxide complexes, have contributed to the 
understanding of their solution stability, especially their susceptibility 
towards hydrolysis, and promising application as molecular precursors for 
titania with complex morphology. Several reports, from us and others, have 
investigated nanotitania-nanocellulose hybrid materials in vitro for drug 
delivery using bacterial cultures. Herein, the studies on these hybrid 
materials were continued to evaluate their biocompatibility towards human 
whole blood. Some of the hybrid materials strongly activated the coagulation 
system, presumably via the contact activation system, which was attributed 
to the inclusion of titania, a well-known initiator of blood clotting. Only 
moderate inflammatory responses were observed, which is important for 
activating tissue regeneration. The developed hybrid materials may find 
application as blood clotting patches with some healing promoting 
properties.  
Titania nanopowders, modified with rare-earth elements, were 
synthesized. Interestingly, they showed inferior catalytic activity compared 
to Degussa P25 titania when radiated with visible light in two very narrow 
ranges. However, when irradiated with broad spectrum visible light, the rare-
earth modified titania had a better catalytic activity compared to the 
commercial titania, still the overall degradation for all powders being low. 
I would like to propose a few directions in which this thesis could be 
continued: (1) Further studies on the biocompatibility (cell viability) and 
biological responses (alterations in gene transcriptions) from the nanotitania-
nanocellulose hybrids. (2) Synthesize titanium oxo-alkoxides with 
bifunctional ligands. Controlled hydrolysis of these compounds into 
complex morphologies could then enable further functionalization of their 
surfaces. (3) More detailed studies on the REE-modified titania 
nanopowders. The enhanced photocatalysis in the visible spectrum may be 
from a sensitizing effect of rare-earth oxides or different rare earth titanates. 
This would be interesting to investigate further using a combination of more 
powerful spectrometric and theoretical methods. 
The promising potential of nanomaterials in medical therapy (including 
theranostics) is related to their high reactivity and interference with 
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biological systems on the molecular level. The same property is responsible 
for their potential harmful effects. The fact that the same nanomaterial can 
have different toxicities for different cell types surely complicates safety 
classifications. In several in vitro studies transcription profiles of cells were 
drastically changed when they were exposed to nanomaterials. Extensive 
evaluation of nanomaterials with biological applications will be required. 
Certainly, nanomaterials are fascinating and will most likely become a 
central component in many future technologies. More and more 
experimental chemistry are nowadays supported by theoretical studies (such 
as density functional theory (DFT) and molecular dynamics (MD) 
simulations) providing better insight to reaction mechanisms and material 
properties. As more computational resources steadily becomes available and 
models becomes more sophisticated, theoretical studies may become 
increasingly important in designing new advanced nanomaterials. The 
currently rapid progress in machine learning and artificial intelligence could, 
if continued, become important tools for materials design and discovery 
(Boström 2016; Tegmark, 2014 & 2017; Ulissi et al., 2017; Xie et al., 2019). 
As the final remark, bottom up synthesis using well defined molecular 
precursors and the directed self-assembly of nanoscale components to more 
complex materials are powerful methods to produce well-defined structures. 
During the coming years we will likely see a rapid progress using these 
methods to produce new, performant and attractive nanomaterials. 
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 Nanomaterials are emerging as an important technology for both 
advanced applications, such medicine and electronic devices, and everyday 
products, such as cosmetics, clothing, and different material coatings. 
However, nanotechnology is still in its infancy; synthetic strategies for more 
precise control of materials need to be developed. Safety concerns require 
attention due to the high risk of interference with cellular components and 
biological pathways on the molecular scale. 
Titanium (IV) dioxide (titania) is one of the most commonly 
manufactured nanomaterials among the metal oxides. Titania finds use as 
photocatalyst, pigment in white paint, hydrophobic window coatings and, 
previously, additive in cosmetics and food. Studies within the thesis have 
investigated, on one hand, synthesis of pure titania materials and also rare-
earth modified nanopowders from molecular precursors for improved 
photocatalysis. On the other hand, organic-inorganic hybrid materials based 
on nanotitania and nanocellulose, and self-assembled structures based on 
surface-modified titania were synthesized for potential medical applications 
such as drug delivery, wound-dressings, and blood clotting patches. An 
initial safety assessment of the hybrid materials based on 
haemocompatibility studies with human whole blood was undertaken with 
preliminarily promising results for use as blood clotting patches. Production 
of the nanomaterials and hybrid materials was found to be highly sensitive 
to small changes in their protocols. This presents a challenge for production 
of useful volumes, but offers also an opportunity to tune material’s properties 
with very small changes, a possibility generally not observed in macroscale 
materials. 
 
  
Popular science summary 
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Nanomaterial blir allt vanligare i högteknologiska och vardagliga 
sammanhang och finner applikationer inom avancerade tillämpningar så som 
medicin och elektronik, samt i vardagliga föremål som kosmetika, kläder och 
ytbeläggningar. Nanoteknologin befinner sig fortfarande i sin linda och 
syntetiska metoder för framställning med precis kontroll behöver utvecklas.  
På grund av den lilla storleken interagerar nanomaterial lätt med cellulära 
komponenter och molekylära signalvägar, vilket har lett till oro över skadliga 
effekter för både djur och växter. Titan(IV)dioxid (TiO2) är antagligen det 
vanligaste nanomaterialet baserade på metalloxider. TiO2 används i stor 
skala som vitt pigment i färg, fotokatalysator, för hydrofobiska glasytor och 
tidigare som tillsatts i livsmedel och kosmetika. Delarbeten inom den här 
avhandlingen har undersökt syntes av ren TiO2 och TiO2 modifierad med 
sällsynta jordartsmetaller för förbättrad fotokatalys. 
Andra delarbeten har fokuserat på utvecklingen av organiska-oorganiska 
hybridmaterial baserade på titandioxidnanopartiklar och nanocellulosa, samt 
självsamordnade ihåliga sfärer baserade på ytfunktionaliserade 
titandioxidnanopartiklar för potentiella applikationer inom kontrollerad 
läkemedelsdistribution, förbättrad sårläkning och blodstoppande material. 
Biokompatibiliteten för nanotitania-nanocellulosa hybridmaterial mot 
humanblod har undersökts som ett bidrag till ökad förståelse av säkerheten 
av dessa material. Resultat visar att dessa material kan vara möjliga framtida 
material för såromläggning och för att stoppa blödningar. Syntes av 
nanomaterial från molekylära prekursorer har visat sig kunna vara väldigt 
känsliga mot små förändringar i framställningsmetoden. Detta kan vara en 
utmaning för storskalig produktion av vissa nanomaterial men erbjuder 
samtidigt en möjlighet att med små modifieringar erhålla stora skillnader i 
morfologi och egenskaper.  
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